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INTRODUCTION 
Iron-deficiency chlorosis (Fe chlorosis) of soybean is caused by 
the inability of some genotypes to utilize iron effectively when grown 
on calcareous soil (Fehr and Trimble, 1982). Most cultivars released 
until the mid 1960s had moderate Fe efficiency so that little breeding 
effort was directed toward improving this trait. In the late 1960s, 
cultivars were released in the Midwest that were found to be highly 
susceptible to Fe chlorosis when grown on calcareous soil (Fehr, 1982). 
As a result, more interest was placed on developing cultivars with a 
higher level of genetic resistance to Fe chlorosis and on reporting 
information on the Fe efficiency of cultivars to commercial producers. 
Fe efficiency of genotypes has been traditionally evaluated by 
growing lines on calcareous soil in the field and rating the severity of 
chlorosis. Chaney et al. (1984) developed a nutrient solution system 
for evaluating the Fe-efficiency of soybean genotypes as a supplement to 
field testing. The major advantages of the nutrient solution are that 
it can be utilized throughout the year, whereas field testing can be 
conducted only one season each year, and the severity of the test 
conditions can be adjusted by altering the concentration of bicarbonate. 
The objectives of this research were; 
(1 ) to evaluate alternative nutrient solution techniques to identify a 
procedure that minimizes the costs of chemicals and labor and 
produces chlorosis ratings highly correlated with field ratings, and 
(2) to determine the effectiveness of nutrient solution evaluation in a 
recurrent selection program for Fe efficiency of soybean. 
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LITERATURE REVIEW 
Iron (Fe) is an essential micronutrient involved in energy 
production and utilization in plants. It is an important component in 
many proteins such as cytochromes a"*", a^, '^559» ^6» and c which are 
necessary for photosynthesis. Fe is also a component of many enzymes 
including nitrate reductase, nitrite reductase, catalase, and peroxidase 
(Miller et al., 1984; and Tisdale and Nelson, 1975). 
Fe deficiency has been observed in many plant species and was 
reported as early as 1844 (Vose, 1982). The symptom is characterized by 
an interveinal chlorosis developing in expanding new leaves. Leaf veins 
remain green, except with severe deficiency, when the leaf may become 
white with some necrosis (Wallace and Lunt, I960). Fe-deficiency 
chlorosis (Fe chlorosis) is visually rated on a scale of 1 to 5; 1 = no 
yellowing, 2 = slight yellowing, 3 = moderate yellowing, 4 = intense 
yellowing and 5 = severe yellowing with some necrosis (Cianzio et al., 
1979). 
Fe chlorosis typically is associated with high pH, calcareous soils 
and is usually due to the inability of plants to absorb iron present in 
the soil. Soil iron generally occurs in the ferric (Fe^^) form and must 
be reduced to the ferrous (Fe^*) form before it can be absorbed by the 
plant (Chaney et al., 1972). Genotypes are classified as Fe efficient 
if they respond to Fe-deficiency stress by inducing biochemical 
reactions which make iron available in a usable form, and Fe inefficient 
if they do not (Brown, 1978). The mechanism by which Fe-efficient 
genotypes make Fe available to the plant is not fully understood at this 
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time. Some researchers believe that Fe-efficient genotypes respond to 
Fe-deflciency stress by releasing acidifying agents and reductants to 
lower the pH of the rooting medium to bring about Fe reduction (Brown, 
1973; Brown and Ambler, 1973; and Olsen and Brown, 1980). Other 
researchers believe that Fe reduction by the secretion of reducing 
compounds would be too slow to account for the rate of Fe reduction by 
Fe-efficient genotypes. These researchers present evidence that support 
Fe reduction via an enzyme catalzyed reaction (Barrett-Lennard et al., 
1983; Chaney et al., 1972; Sijmons et al., 1984; and Tipton and Thowsen, 
1985). 
Numerous environmental factors have been reported to influence the 
expression of Fe-chlorosis (Wallace and Lunt, 1960), some of which are: 
(1) low iron supply, (2) calcium carbonate in the soil, (3) bicarbonate 
in soil or irrigation water, (4) excess irrigation or high water 
conditions, (5) low or high temperatures, (6) high light intensities, 
(7) unbalanced cation ratios in the soil, (8) certain organic matter 
additions to the soil, (9) viruses, and (10) root damage by nematodes or 
other organisms. Important nutrient relationships that modify iron 
availability include interactions of iron with zinc, copper, manganese, 
phosphate, and nitrogen (Chaney and Coulombe, 1982; Lindsay, 1984; and 
Wallace and Abou-Zamzam, 1984). Other elements reported to interfere 
with the iron-stress response of plants include cobalt (Blaylock et al., 
1985; Blaylock et al., 1986) and bicarbonate (Brown et al., 1959; 
Coulombe et al., 1984a, 1984b; Fleming et al., 1984; and Porter and 
Thorne, 1955). 
Two problems associated with field tests for Fe efficiency are the 
limitation of screening genotypes only one season each year and 
experimental error due to soil heterogeneity. Mortvedt (1975) estimated 
that there are over 4»8 million hectares of calcareous soil in the 22 
states west of the Mississippi river. Calcareous soils generally are 
not homogeneous and usually occur as small irregular shaped patches, 
usually less than 1 hectare in size, within large fields (Fehr, 1983). 
The heterogeneity associated with calcareous soil makes selection of 
suitable screening nurseries difficult. Brown (1956) stated "Any effect 
of light, soil temperature, or soil moisture which affects plant 
metabolism and the status of the elements in the soil associated with 
iron chlorosis will either enhance or tend to inhibit chlorosis". 
Significant yield reductions due to Fe chlorosis have been reported 
for numerous crop species including soybean (Froehlich and Fehr, 1981), 
rice (Anderson, 1982), and peanut (Chen et al., 1982). Froehlich and 
Fehr (1981) evaluated 15 soybean cultivars, ranging from highly Fe 
efficient to highly Fe inefficient, on calcareous and non-calcareous 
soils. They reported a significant linear relationship between visual 
chlorosis score and percentage yield reduction. Yield loss increased by 
an average of 20% for each unit Increase in chlorosis score. The 
authors concluded that cultivars that exhibit no chlorosis on calcareous 
soil are needed to completely prevent yield loss due to Fe chlorosis. 
To develop an effective breeding program for the production of 
cultivars with little or no chlorosis, when grown on calcareous soil, it 
is necessary to understand the mode of inheritance of resistance to Fe 
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chlorosis (hereafter referred to as Fe efficiency). Weiss (1943) 
conducted the first research to determine the inheritance of Fe 
efficiency in soybean; Cultivars and plant introductions were evaluated 
in nutrient solution and classified as Fe efficient or Fe inefficient. 
Crosses were made between the efficient and inefficient genotypes and 
the progeny were evaluated for Fe efficiency. He reported Fe efficiency 
to be controlled by a major gene with the allele for Fe efficiency, Fe, 
completely dominant to the allele for inefficiency, fe. Cianzio and 
Fehr (1980) reported that soybean cultivars express continuous variation 
for Fe efficiency, ranging from cultivars that remain completely green 
to those with leaf necrosis and plant mortality, when grown on 
calcareous soil. They stated that it would not be possible to account 
for the range in chlorosis among soybean cultivars with a single major 
gene unless modifying genes substantially influence its expression. 
They evaluated the F2 and backcross generations of a cross between Fe-
efficient and Fe-inefficient cultivars. The segregation they observed 
could be explained by a major gene with modifying genes. The authors 
suggested that a backcrossing program should be effective in 
transferring the major gene from an efficient to an inefficient 
cultivar. They stated that a replicated progeny test on calcareous soil 
between backcross generations should improve the probability of 
recovering favorable modifying genes. 
In a subsequent study, Cianzio and Fehr (1982) conducted a 
backcrossing program to transfer the Fe efficiency of A2, a highly Fe-
efficient genotype, to B216, a highly Fe-inefficient genotype. The F^ 
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of the cross exhibited no dominance for chlorosis resistance. No 
genotypes were identified in the backcross generation that were as 
resistant as A2. Inheritance of Fe efficiency in this cross was 
reported to be typical of a quantitative trait controlled by additive 
gene action. The authors pointed out that the inheritance of Fe 
efficiency in soybeans can vary depending on the parents used in the 
cross and on the test conditions used to evaluate the character. 
Prohaska and Fehr (1981 ) conducted a study to evaluate the 
feasibility of using recurrent selection with Sg-derived line testing to 
develop a soybean population with superior Fe efficiency. An intermated 
population, designated AP9, was formed from the 10 most Fe-efficient 
cultivars or experimental lines and the 10 most Fe-efficient plant 
introductions available at that time. Progress due to selection was 
determined by evaluating the parents of the Cycle Q, 1, and 2 
populations. Significant linear improvement in mean chlorosis score 
from Cycle 0 to 2 was observed with no significant quadratic effects. 
The average genetic gain per year was 0.2 units in chlorosis score, 
which is equal to 9% per year of the Cycle 0 mean. Prohaska and Fehr 
concluded that the improvement in AP9 indicated that resistance to Fe-
chlorosis is influenced by genes with additive effects. These results 
support the observations of Cianzio and Fehr (1980) that resistance to 
Fe-chlorosis can be considered a quantitative trait for breeding 
purposes. 
The AP9 recurrent selection program has been very effective in 
producing germplasm with improved levels of Fe efficiency. Seventy-one 
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lines of the Cycle 2 population with superior Fe efficiency were bulked 
and released as the germplasm population AP9(S1 )C2 (Fehr and Cianzio, 
1980). The germplasm line A7 was derived from an Sg plant of the Cycle 
3 population of AP9. At the time of its release, the level of Fe 
efficiency exhibited by A7 was superior to any other genotype evaluated 
for the character (Fehr et al., 1984). 
Piper et al. (1986) reported that substantial genetic improvement 
within the AP9 population during the first five cycles of selection made 
it difficult to detect differences among the Sg-derived lines of the 
Cycle 5 population. This indicated that further improvement in the 
population using conventional field tests would be highly unlikely. 
Fehr et al. (1985) reported that plant injury caused by removal of the 
main stem above the cotyledonary node during early vegetative growth can 
increase the chlorosis expressed by new leaf tissue of cultivars grown 
on calcareous soil. Piper et al. (1986) conducted a study to determine 
the reliability of stem cutoff for improving selection for Fe efficiency 
within the AP9 population. The 20 parents of the Cycle 0 population, 
the 10 parents of each of the Cycle 1 through 5 populations, and 100 Sq-
derived lines of the Cycle 5 population were grown on calcareous soil. 
Plots were visually rated for average chlorosis of all plants at the V3 
stage of development (two trifoliolate leaves fully developed). The 
main stem of each plant was then cutoff above the unifoliolate node. 
Two weeks after the cut-off treatment, plots were rated for chlorosis by 
evaluating the plant regrowth. Stem cutoff significantly increased the 
chlorosis of the parents and the Sg-derived lines by an average score of 
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1.4. The rate of genetic improvement from Cycle 0 to 5 was the same 
before and after treatment. A significant increase in genetic 
variability was observed among the 100 Sg-derived lines of the Cycle 5 
population. The authors concluded that stem cutoff is an effective 
method of increasing chlorosis in a population with a high level of Fe 
efficiency. They also stated that further improvement for Fe efficiency 
in the AP9 population should be possible with the use of stem cutoff. 
Because of genetic improvement in AP9 during Cycles 5 and 6, the level 
of chlorosis expressed after plant cutoff was inadequate to 
differentiate lines in the Cycle 7 population. If further genetic 
improvement is to be made to this population an alternative method of 
enhancing expression of genetic variability must be developed. 
Nutrient solutions containing factors that contribute to Fe 
chlorosis such as calcium (Ca), phosphate (P), bicarbonate (HCO^~), high 
pH, and excess chelator have been used to induce Fe-deficiency stress 
and screen for Fe-efficient genotypes (Brown and Jones, 1976; Chaney and 
Coulombe, 1982; Coulombe et al., 1984a; Jessen et al., 1988). Brown and 
Jones (1976) grew four Fe-efficient (T3238FER tomato, Hawkeye soybean, 
WF9 corn, and Pioneer 846 sorghum) and four Fe-inefficient (T3238fer 
tomato, PI-546I9-5-I soybean, ys^/ys^ corn and Wheatland sorghum) plant 
genotypes representing four species in nutrient solutions containing 
varying amounts of P and CaCO^. As the levels of P and CaCO^ increased 
the uptake of Fe decreased and the level of chlorosis increased. The 
authors presented a possible sequence for screening plants for Fe 
efficiency using nutrient solutions. 
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Coulombe et al. (1984a) evaluated six HCOj" (O, 5» 10, 15» 20, and 
25 mM NaHCO^) and two Fe (4 or 6 uM FeEDDHA) levels in a factorial 
arrangement in nutrient solution to determine the optimum treatment 
combination for screening soybean genotypes for Fe efficiency. The 
eight genotypes tested represented Fe efficient (Lakota, Hawkeye, 
Chippewa 64, and Hodgson) and Fe inefficient (Williams, Hark, Anoka, and 
Wayne) types based on reported field scores. Chlorosis increased in all 
cultivars as the level of HCO^" increased regardless of the level of Fe. 
The best chlorosis class separation and closest relationship to average 
field observations was obtained with the 6 uM Fe, 15 mM HCO^" treatment. 
Cultivars considered to be Fe efficient in the field were also Fe 
efficient in nutrient solutions with the exception of Chippewa 64» which 
ranked among the inefficient cultivars in two treatments. Discrepancies 
between field and nutrient solution data also were reported for Anoka. 
The authors suggested that screening within the range of 10-15 mM HCO^~ 
should produce the best selection progress in breeding programs designed 
to match field responses. They also suggested that extremely Fe-
efficient lines could be selected by increasing the level of HCOj" to 
create artifically high Fe stress. 
Chaney and Coulombe (1982) conducted a series of experiments to 
determine the effect of phosphate on regulation of the Fe-stress 
response in soybean. In the first experiment, Hawkeye (Fe efficient) 
and A62-IO (Fe inefficient) were grown in nutrient solutions containing 
varying levels of phosphate (3.2, 32, and 322 uM P). Hawkeye underwent 
Fe-stress response at all P levels whereas A62-10 had a low response at 
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3.2 and 32 uM P and very low Fe-stress response at 322 uM P. Thus, PO^ 
caused considerable inhibition of the increased Fe-reduction and uptake 
characteristics of the Fe-stress response in the A62-10 genotype. In 
the second experiment, Hawkeye and T203 (Fe inefficient) were grown in 
solutions containing varying levels of phosphate (10, 100, and 250 uM P) 
and Ca (250, 400, and 1000 uM Ca) to determine if interaction of the two 
elements is responsible for causing the Fe-stress response inhibition 
observed in the first experiment. Hawkeye had very high Fe-stress 
response at 10 uM P and high Fe-stress response at 100 and 250 uM P. At 
250 uM P, the 400 uM Ca level led to a substantially lower Fe-stress 
response than the 1000 uM Ca level. The level of Ca did not affect the 
Fe-stress response of Hawkeye at the 10 and 100 uM P levels. T203 
exhibited Fe-stress response at the 10 uM P level only. The level of Fe 
uptake in plants grown in the 100 and 250 uM P treatments was no greater 
than that of a Fe-sufficient plant, regardless of Ca level. The authors 
concluded that higher P levels inhibited the Fe-stress response of T203 
soybean. In the third experiment, eight soybean cultivars representing 
three Fe-efficiency (high, intermediate, and low) classes were grown in 
nutrient solutions in which the CaCO^, P, and Fe levels and Fe:chelator 
ratio were varied in 12 different treatments. In each of the 12 
treatments, it was possible to distinguish the low Fe-efficiency class 
from the intermediate and high Fe-efficiency classes, but it was not 
possible to distinguish between the intermediate and high Fe-efficiency 
classes. It also was not possible to distinguish among cultivars within 
any of the three Fe-efficiency classes. The authors reported that the 
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CaCO^j, Fe, and Fe;chelator ratio only provided a controlled Fe-stress 
response and that genotypes with intermediate or high Fe efficiency 
could adapt to this level of stress and remain green. This screening 
procedure seemed to be effective at identifying genotypes with low Fe 
efficiency only. Chaney and Coulombe (1982) concluded that high P 
levels can be used to screen effectively for genotypes with low Fe 
efficiency and that P plus bicarbonate may be used to distinguish among 
genotypes with higher Fe efficiency. 
The experiments of Chaney et al. (1984), Chaney and Coulombe 
(1962), and Coulombe et al. (1984a) were conducted to explore the 
feasibility of evaluating the Fe efficiency of soybean genotypes in 
nutrient solution. Favorable results were obtained with their 
procedures, however, there were two problems that warranted further 
experimentation. First, their procedures required that the nutrient 
solution be completely replaced every four days, which is' costly in 
chemicals and labor. Second, their procedure would differentiate the 
Fe-efficient genotypes from the Fe-inefficient genotypes, but not from 
genotypes with intermediate Fe efficiency. Until this research was 
initiated in 1985, the use of nutrient solution for evaluating the Fe 
efficiency of a population with a large proportion of highly Fe-
efficient genotypes had never been investigated. 
The objectives of this research were: 
(1) to evaluate alternative nutrient solution techniques to identify a 
procedure that minimizes the cost of chemicals and labor and 
produces chlorosis ratings highly correlated with field ratings, and 
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to determine the effectiveness of nutrient solution evaluation in 
recurrent selection program for Fe efficiency of soybean. 
15 
MATERIALS AND KiETHODS 
Germplasm 
The research presented in this dissertation consisted of four 
experiments. The first two experiments were designed to evaluate 
alternative nutrient solution procedures for screening soybean genotypes 
with a wide range in Fe efficiency. Germplasm utilized in the first 
experiment, hereafter referred to as Line Comparison, consisted of eight 
genotypes, A7, A2, Weber, Hodgson, Corsoy, Hawkeye, Hack, and B216, 
ranging from highly Fe efficient to highly Fe inefficient. Genotypes in 
the second experiment, hereafter referred to as AP9 Parents, consisted 
of the 90 parental lines of the Cycle 0 to Cycle 7 populations of the 
AP9 breeding population. 
The AP9 breeding population was developed by intermating the 10 
most Fe-efficient cultivars or experimental lines and the ten most Fe-
efficient plant introductions available in 1975 (Prohaska and Fehr, 
1981). Three generations of intermating were used to form the Cycle 0 
population. Sq seed of the third intermating were planted in Puerto 
Rico to obtain 100 Sg-derived lines which represented the Cycle 0 
population. The 100 Sg-derived lines were evaluated for Fe efficiency 
on calcareous soil in Iowa. The 10 most Fe-efficient lines were mated 
in a dial lei and the Sq plants were grown in Puerto Rico to obtain 100 
Sg-derived lines (Cycle 1 population). Use of the Puerto Rico off­
season nursery allowed completion of one cycle of selection per year. 
The Cycle 2 through 5 populations were formed in the same manner as 
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described for the Cycle 1 population. The high level of genetic 
resistance present in the Cycle 5 population made differentiation among 
genotypes difficult. Plant cutoff, as a means of enhancing chlorosis 
expression, was investigated by Piper et al. (1986) and found to 
increase chlorosis scores without changing the relative differences 
among genotypes. The plant cutoff treatment was incorporated into the 
AP9 recurrent selection program and utilized for selection among 
genotypes in the Cycle 5 and 6 populations. 
Experiments j and 4 were designed to evaluate the utility of 
nutrient solution in detecting small differences among highly Fe-
efficient genotypes, such as in a recurrent selection program for 
improved Fe efficiency. Germplasm utilized in these experiments 
consisted of 100 random lines from each of the Cycle 6 (experiment 3) 
and Cycle 7 (experiment 4) populations of AP9. 
Field Procedures 
Germplasm in each experiment was evaluated for Fe efficiency in 
six replications of a randomized complete block design on calcareous 
Harps soil (fine-loamy, mixed, mesic Typic Calciaquoll) at Humboldt, 
Iowa during 1985, 1986, and 1987. Plots consisted of a single row 0.8 m 
in length and spaced 69 cm apart. Plots were planted at the rate of 27 
seed m'T. Fe efficiency was rated visually on a plot basis on the 
scale: 1 = no yellowing, 2 = slight yellowing, 3 = moderate yellowing, 4 
= intense yellowing, and 5 = severe yellowing with some necrosis. 
Ratings were given to the nearest 0.5 score. 
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Line comparison 
Plots were planted 22 May 1935, 2 June 198b, and 1 June 1987. The 
plots were rated at stage V4 (third trifoliolate leaf fully developed) 
(Fehr and Caviness, 1977) on 28 June 1985, 1 July 1986, and 2 July 1987. 
AP9 parents 
Plots were planted 1 July 1985, 2 June 1986, and 1 June 1987. The 
plots were rated at stage V4 on 13 August 1985, 1 July 1986, and 2 July 
1987. After rating the plots, the main stem of all plants were cut off 
above the unifoliolate node. This was done to increase chlorosis of the 
highly Fe-efficient genotypes. Plant regrowth was rated on 10 July 1986 
and 16 July 1987» In 1985, data collected before plant cutoff were 
analyzed on 14 August. The data showed that severe chlorosis had 
allowed for adequate differentiation among all genotypes, therefore it 
was not necessary to rate regrowth. 
Cycle 6 and populations of AP9 
Plots were planted 22 May 1985, 2 June 1986, and 1 June 1987. At 
stage VI (fully developed leaves at unifoliolate node), plants in each 
plot were cut off above the cotyledonary node to enhance chlorosis. The 
cutoff treatment was applied on 10 June 1985, 16 June 1986, and 16 June 
1987. Plots were rated on 28 June 1985, 1 July 1986, and 2 July 1987. 
Nutrient Solution Procedures 
Germplasm in each experiment, except the AP9 Parents, was 
evaluated for Fe efficiency in a randomized complete block design with 
two environments and two replications per environment. Lines in the AP9 
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Parents study were evaluated in a randomized complete block, split plot 
design with bicarbonate (HCO^") levels as whole plots and lines as 
subplots. Fe efficiency was rated visually on an individual leaf basis 
on a scale of 1 (no yellowing) to 5 (severe yellowing with some 
necrosis). Ratings were given to the nearest 0.1 score. 
The nutrient solution system was set up in the Agronomy greenhouse 
at Iowa State University. Before each experiment, 8.5-1 opaque plastic 
buckets were acid washed by filling each bucket to the rim with water 
and adding 125 ml of 95-98% reagent grade sulfuric acid (H2S0^). The 
acidic solution was allowed to stand for 24 hours before being removed. 
The buckets were then washed with Liqui-Nox phosphate free detergent 
made by Alconox, Inc. New York, NY 10003. The buckets were acid washed 
between experiments only, not between solution changes during an 
experiment. Two complete sets of buckets were used to facilitate 
solution changes. Solution was prepared in one set of clean buckets 
which were exchanged with the buckets containing the old solution. The 
old solution was discarded and the buckets were washed with Liqui-Nox in 
preparation for the next solution change. 
Each bucket was covered with a piece of black plexiglass 12 mm 
thick and 30.5 cm square. A single 10 mm diameter hole was bored 
through the center of the cover for an aeration tube. Eight holes 
(plant cells) - 21 mm in diameter were bored through the cover in a 
circle around the aeration hole. There was 8 cm, on center, between the 
aeration hole and each plant cell and 6 cm, on center, from one cell to 
the next (Figure 1 ). 
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The nutrient solution was aerated with a mixture of 97% air and 
carbon dioxide (CO2). The aeration system began with a length of 12 mm, 
inner diameter (I.D.), Tygon tubing leading from the sources of air and 
CO2 to a Matheson Model No. 7351 gas proportioner. The gases were mixed 
and dispenced to a 60 cm length of 8 mm, I.D., tubing with a Y 
connection at the opposite end. A 5.6 m length of tubing was attached 
to each arm of the Y connector, branching the aeration system into two 
main aeration lines, one for each replication of entries. T connections 
were used to branch the main aeration lines into smaller lines, one for 
each bucket, and were spliced into each main aeration line every 18 cm. 
The stems of adjacent T connectors faced in opposite directions so that 
two rows of buckets could be serviced by each branch of the aeration 
line (figure I). The segment of tubing exiting the last connector was 
pinched closed to form a closed system. A 61 cm length of 6 mm, I.D., 
tubing was attached to the stem of each "T" connector and was terminated 
with an aeration tube. Each aeration tube was a 23 mm length of glass 
tubing with a 6 mm outer diameter (O.D.) and a 1 mm bore. One end of 
each aeration tube was cut on a 45° angle, and this end was placed into 
the bucket of nutrient solution. Aeration tubes were cut in this manner 
to prevent them from resting flat on the bottom of the bucket. A 
plastic pinch clamp, placed on each segment of tubing leading to an 
aeration tube was used to adjust the bubbling rate. 
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I'igure 1. A, gas proportioner; B, Y connection; C, plexiglass lid; 
D, T connection; E, aeration tube 
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Day length in the greenhouse was extended to 15 hours using 4OO 
watt, high pressure sodium lamps hung two m above tne top of the 
buckets. 
General procedures 
Sheets of germination paper, 25 x 37.5 cm, were identified with an 
entry number and soaked in distilled water until saturated. Three 
sheets of germination paper were used per entry. The first sheet was 
folded down, seed of an entry were placed across the second sheet in a 
straight line 4 cm from the top. The first sheet was folded back over 
the seed. The germination paper was rolled up and placed in a 
germination container. Each germination container was a 15 x 29 x 32 cm 
plastic trash can divided into 15 cells by threading fishing line 
through the sides of the containers 5 cm from the top. One hundred-
fifty ml of distilled water was added to each container and one roll of 
germination paper was placed in each cell. Containers were covered with 
a sheet of Saran plastic wrap and placed in a dark room maintained at 75° 
F. At emergence, the lights were turned on to allow the seedlings to 
develop normal green color. Seedlings were transplanted into nutrient 
solution approximately three days after emergence. 
The basic nutrient solution consisted of 7.5 1 of distilled water 
containing 2 uM Fe(N0^)2 (iron nitrate), 20 uM EDDHA (N,N'-
ethylenebis[2-(2-hydroxyphenyl)-glycine], 97^ pure), 2 mM MgSO^ 
(magnesium sulfate), 3 mM Mg(N0^)2 (magnesium nitrate), 1 mM KNO^ 
(potassium nitrate), 1 mM CaCl2 (calcium chloride), 4 mM Ca(1^ 0^ )2 
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(calcium nitrate), 10 uM H^BO^ (boric acid), 50 uM KOH (potassium 
hydroxide), 2 uM MnCl2 (manganese chloride), 2 uM CuSO^ (cupric 
sulfate), 1 uM ZnSO^ (zinc sulfate) and 0.2 uM MoO^ (molybdic acid). 
Ten uM KHgfO^ (potassium phosphate monobasic) was added to the solution 
daily. Four concentrated stock solutions were prepared to facilitate 
preparation of the nutrient solution. Stock solution 1 contained WgSO^, 
Mg(N0^)2, and KNO^. Stock solution 2 contained CaCl2» and Ca(N0^)2 and 
stock solution 3 contained KH2P0^. The fourth stock solution contained 
the chelator, EDDHA, and micronutrients Fe(N0^)2» MnCl2» ZnSO^, CuSO^, 
MoO^, H^BO^, and KOH. The nutrient solution was prepared in five steps: 
1. bucket rinsed with 0.5 1 of distilled water, 
2. addition of desired amount of HCO^j", 
3. addition of approximately 4 1 of distilled water, 
4. addition of 20 ml of stock solution 1 and 10 ml of each of stock 
solutions 2, 5» and 4» 
5. addition of distilled water to obtain a final volume of 7.5 1. 
The amount of HCO^" used and the solution change schedules are discussed 
later for each experiment. 
After the nutrient solution was prepared, the plexiglass covers 
were placed on each bucket and the aeration tubes were inserted through 
tne aeration holes. The aeration system was calibrated to obtain a flow 
rate of 350 ml rain"^ bucket"''. Plants of uniform size and development 
were transferred to the nutrient solution at stage VC (unifoliolate 
leaves unrolled so that leaf edges are not touching). In each study, 
except the Line Comparison, each bucket contained three plants of each 
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of seven random entries plus a common check. The common check consisted 
of one plant each of A7» A2, and Hodgson. In the Line Comparison study, 
the eight genotypes randomly were assigned to "Che eight cells of each 
bucket, and no common check was used. The three plants of each entry 
were wrapped in a 2.5 cm cubed foam collar and suspended in the aerated 
solution through a cell in the cover (Figure 1). 
Line comparison 
A ISO-seed sample of each genotype was planted on germination paper 
on 17 June 1986 (environment 1) and 12 January 1987 (environment 2). 
Seedlings were transferred to nutrient solution on 24 June and 19 
February. A factorial arrangement of three solution change schedules 
and five HCO^~ levels were evaluated. Solution change schedules 
consisted of 1) a four-day change interval, 2) no-change, and 3) 
reduced-change. For the reduoed-change schedule, solutions were 
changed only at stages V2 (first trifoliolate leaf fully developed), and 
(second trifoliolate leaf fully developed). The no-change and 
reduced-change treatments utilized daily additions of nutrients in the 
following concentrations: 21.4 uM KNO^, 10.6 uM MgSO^, 0.191 uM H^BO^, 
0.047 uM MnClg, O.O4O uM ZnSO^ , 0.008 uM CuSO^ , and 0.037 uM Fe(N0_^ )2. 
The five NaHCO^" levels tested were 4» 8, and 12 mM; a 4 mM level 
increased to 8 mM at V2 (4-8 mM); and a 4-8 mM level increased to 12 mM 
at V3 (4-8-12 mM). Ratings were taken at stages V2 (3 July and 30 
January), V3 (8 July and 5 February), and V4 (12 July and 11 February). 
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AP9 parents 
A J56-seed sample of each genotype was planted on germination paper 
on 28 July 1986 (environment 1) and 27 October 1986 (environment 2). 
Seedlings were transferred to nutrient solution on 5 August and 3 
November. Three NaHCO^" levels, 5, 10, and 15 mM, were evaluated. The 
nutrient solution was changed only at stage V2 on 13 August and 12 
November. Low concentrations of nutrients were added to the solutions 
daily as described for the Line Comparison study. Ratings were taken at 
stage V4 on 25-26 August and 26-27 November. 
Cycle 6 population of AP9 
A 12-seed sample of each line was planted on germination paper on 
23 July 1985 (environment 1) and 13 February 1986 (environment 2). 
Seedlings were transferred to nutrient solution on 29 July and 20 
February. The nutrient solution contained 15 mM NaHCO^" and was changed 
every four days. Ratings were taken at stage V4 on 26 August and 26 
March. 
Cycle 2 population of AP9 
A 12-seed sample of each line was planted on germination paper on 
12 June 1985 (environment 1) and 5 June 1986 (environment 2). Seedlings 
were transferred to nutrient solution containing 15 mM NaHCO^" on 17 
June 1985 and 12 June 1986. Solution was changed every four days. 
Ratings were taken at stage V4 on 11 July 1985 and 3 July 1986. 
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Statistical Analysis 
Data were analyzed utilizing standard analysis of variance 
procedures. Rank correlation coefficients were calculated using the 
correlation procedure of SAS. Coefficients for the regression of 
chlorosis score on cycle number were calculated using the general linear 
models procedure of SAS (SAS Institute Inc., 1985). 
The least significant difference (LSD) among lines for mean Fe 
efficiency was calculated at the 0.05 and 0.01 levels of probability. 
LSDo.05 = to.05i2(MSE)/njl/2, 
^SDo.01 = to,oi[2(MSE)/njl/2, 
t = tabular Student's t value for the appropriate level of 
probability and degrees of freedom, 
MSE = mean square of the error term used to test for significance, 
and 
n = number of observations in a mean. 
For the Cycle 6 and 7 populations of AP9, the 10 most Fe-efficient 
lines were selected for each environment of field and nutrient solution 
testing. The methods of testing were evaluated by comparing selections 
made in one environment with their mean performance in independent 
environments. For nutrient solution tests, each environment was used as 
the standard for the other environment and for the field environments. 
For example, 10 superior lines were selected at environment 1 of the 
nutrient solution test and at each field environment. Data for ' 
environment 2 of the nutrient solution tests then was used to make 
independent comparisons among the selected lines. The field standard 
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was the mean performance of the lines averaged across field 
environments, except the one in which the selections were made. A t-
test was used to compare the methods of selection and the value of t was 
calculated as: 
t = (Yp - Yws) / (2MSE/n)1/2 
where : 
Yp = mean of the 10 lines selected by field tests, 
NS ~ mean of the 10 lines selected by nutrient solution tests, 
MSE = mean square error, and 
n = number of observations in a mean. 
A t-test also was conducted for each population to compare the mean 
chlorosis score of the 10 lines selected by field screening to the mean 
score of the population. The same procedure was followed for the lines 
selected in nutrient solution. The t value was calculated as (Steel and 
Torrie, 1980): 
t = (Yp - u) / (M8a/n)l/2 
where : 
u = population mean. 
Broad sense heritabilities were calculated on a single plant (SP), 
plot (P), and entry-mean (EM) basis for nutrient solution tests and on a 
plot and entry-mean basis for field tests (Fehr, 1987) for the Cycle 6 
and 7 populations of AP9. 
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2 
2 
df/RE + Ô^JE + ôl 
where : 
p 
c5| = genetic variance among lines, 
2 (5g = experimental error, 
p 
<3gg = variance due to genotype x environment interaction, 
6^ = within plot variance, 
(5^ = plot-to-plot variance, 
R = number of replications, and 
E = number of environments. 
The standard errors of the heritability estimates, SE(h^), were 
calculated by replacing dg in the numerator of each equation with the 
SE(dg) (Hallauer and Miranda, 1981). 
For nutrient solution screening, three plants of each genotype were 
evaluated in each plot. Individual plant data from the Cycle 6 and 7 
populations of AP9 were used to determine if three plants were an 
adequate sample to obtain an estimate of the true mean performance of 
the lines. The variance of a genotype mean, V(GM), was used to 
calculate an LSD for comparing line means. The V(GM) was calculated as: 
dj + P(j2 + pRg2^ 
PR 
where : 
2b 
(3^ = within plot variance, 
(3g = experimental error, 
(3gg = variance due to genotype x environment interaction, 
P = number of plants per plot, and 
R = number of replications. 
The number of environments and replications was held constant, the 
number of plants per plot was varied from one to five, and V(GM)s were 
calculated, /m LSD, at the 0.05 level of probability, was calculated 
for each number of plants. The LSDs for 1, 2, 4» and 5 plants were 
comparea with the LSD for j5 plants. This was done to estimate the 
effect of changing the number of plants per plot on the value of the 
LSD. for example, if the LSD for 5 and 4 plants per plot were both 0.3, 
there would be no benefit to evaluating 4 plants per plot. 
Field data 
Data were analyzed for each study for individual environments and 
for each study combined across environments. In all cases, environments 
were considered random effects and lines were fixed effects for the Line 
Comparison and AP9 Parents, and random effects for the Cycle 6 and 7 
populations of AP9. 
For the analysis of data for individual environments, the following 
model was used: 
%ij = u + Hi + Lj + e^j 
where ; 
= observed value for the line in the i^^ replication, 
u = overall mean effect, 
= effect of tfte replication, i = 1 to 6, 
L.-= effect of the jline, j = 1 to 8 for Line Comparison, 1 to 
90 for AP9 Parents, and 1 to 100 for the Cycle 6 and 7 
populations of AP9, and 
Sjj = error associated with the ij^h observation. 
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For the analysis of data combined across environments, the 
following model was used (Table 1): 
%ijk = u + % + R/Gij + Lk + ELik + 
where ; 
^iik ~ observed value for the line in the replication 
within the i^^ environment, 
u = overall mean effect, 
Ej^ = effect of the i^^ environment, i = 1 to 3 for Line Comparison 
and AP9 parents, and 1 to 2 for the Cycle 6 and 7 populations 
of AP9, 
R/EjJ = effect of the replication within the i^^ environment, 
^ j = 1 to 6, 
L^ = effect of the k^^ line, k = 1 to 8 for Line Comparison, 1 to 
90 for AP9 Parents, and 1 to 100 for the Cycle 6 and 7 
populations of AP9, 
ELik = effect of the environment x line interaction, and 
®ijk ~ error associated with the ijk^h observation. 
Line comparison and cycle ^  and 7. populations of AP9 For the 
analysis of data at individual environments, the mean squares for lines 
were tested against the error mean squares. For the analysis of data 
combined across environments, the mean squares for lines were tested 
against the mean squares for the environment x line interaction. The 
mean squares for the environment x line interaction were tested against 
the error mean squares. 
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Table 1. Form of the analysis of variance for field data combined 
across environments 
Expected Mean Squares 
Sources of Variation dfS Fixed Random 
Environments (E) e-1 
^r + 4 + 
Replications/E e(r-1) 4 4 
Lines (L) 1-1 4 + + RYlf 4 + Rdel + RYdl 
E X L (e-1)(1-1) 4 + 4 + 
Error e(r-1)(l-1) 4 4 
®e = environments, r = replications, and 1 = lines. 
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RanK correlation coefficients for Fe efficiency of lines in the 
Line Comparison experiment were calculated among environments. 
Heritabilities were calculated on a plot and entry-mean basis using data 
for the Cycle 6 and 7 populations of AP9. 
AP9 parents In each analysis of variance, the mean squares due 
to lines were subdivided into two components, variation due to cycles 
and variation due to lines within cycles. The mean squares for lines 
within cycles was subdivided further into eight components accounting 
for the variation due to lines with each cycle. 
For the analysis of data for individual environments, the mean 
squares for lines and cycle components (lines in CO, lines in C1, etc.) 
were tested against the error mean squares. For the analysis of data 
combined across environments, the mean squares for lines and cycle 
components were tested against the mean squares for the corresponding 
environment x line interaction (Table 2). The environment x line and 
environment x cycle component interactions were tested against the error 
mean squares. 
Coefficients for the regression of chlorosis score on cycle number 
were calculated using data combined over environments. Rank correlation 
coefficients for Fe efficiency of lines were calculated among 
environments. 
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Table 2. Form of the analysis of variance for AP9 Parents field data 
combined across environments 
Sources of Variation dfB Expectea Mean Squares 
Environments (E) e-1 dp + 
Replications/E e(r-1) 4 
Lines (L) 1-1- «d + +ERL^ 
Cycles (C) 0-1 *d(o) + RdZg + ERL' 
2 
L/C 1-c 
*d(l/o) + Bdel/c + ER(L/C)2 
L/CO (iQ-l) 
*d(0) + Rd§i(o) • f ERL§ 
L/CI (1^-1) 
*d(1) + Bdei(l) • f ERL^ 
L/C2 (12-1) *d(2) + Rdel(2) + GRL^ 
L/C3 (13-1) dd(3) + Rdg2^2^ + ERL^ 
L/C4 (14-1) dd(4) + RG§1(4) + BRL^ 
L/C5 (15-1) dd(5) + ^*^el(5) • h erl| 
L/C6 (15-1) *d(6) + Rd§l(6) ' t- ERL§ 
L/C7 (17-1) <^d(7) + Kd§l(7) h erl| . 
E X L (e-1)(I-I) 4 + Bd§l 
E X C (e-1)(c-1) dd(o) + 
E X L/C (e-1)(1-c) dd(l/c) + Rd§l/c 
E X L/CO (e-1)(lo-1) dd(0) + Rdei(O) 
E X L/C1 (e-Dd^-l) dd(1) + Bdel(i; 
E X L/C2 (e-l)(l2-l) 
^d(2) + Kdel(2) 
E X L/Cj (e-1)(lj-l) <1(3) + Rdel(2) 
®e = environments , r = replications, 1 = lines, and c = cycles. 
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Table 2. (continued) 
E X L/C4 
1—1 T
 
0) 
*4(4) + rd|l(4) 
E X L/C5 (e-1)(l^-1) 
*d(5) + Kdel(5) 
B X l/C6 (e-ddg-d *d(6) + rd§l(6) 
E X L/C? (e-1 )(ly-1 ) dd(7) + ^ *^^ 61(7) 
Error e(r-l)(l-l) 
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Nutrient solution data 
Data were collected on an individual leaf basis, but were analyzed 
on a plant-mean basis. The mean plant score (MPS) was calculated as: 
MPS = (FLS + SLS + TLS)/i5 
where : 
FLS = first leaf score, 
SLS = second leaf score, and 
TLS = third leaf score. 
An adjusted plant score (APS) was calculated to adjust chlorosis 
ratings for possible bucket effects. Adjustments were made according to 
the following model: 
= ™iok -
where : 
APSi'i^ = adjusted chlorosis score of the k plant in the j^^ 
bucket of the i^ replication, i = 1 to 2, j = 1 to 39, 
and k = 1 to 24, 
PMi^k = unadjusted chlorosis score of the k^^ plant in the j^h 
bucket of the i replication, 
PM^ • = mean chlorosis score of the plants in the j^^ bucket of 
the i replication, and 
PM^^^ = mean chlorosis score of the plants in the i^^ replication. 
Using the adjusted plant score, the data were analyzed as in a balanced, 
randomized complete block design. Individual plant data were analyzed 
for the Cycle 6 and 7 populations of AP9, however, plot data were 
analyzed for the Line Comparison and AP9 Parents. Plot data were 
created by calculating the mean chlorosis score of the three plants of 
each entry within a bucket. 
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Data were analyzed for each study for individual environments and 
for each study combined across environments. In all. cases, environments 
were considered random effects. Lines, HCO^~ levels, and solution 
change schedules were considered fixed effects for Line Comparison and 
AP9 Parents. Lines were considered random effects for the Cycle 6 and 7 
populations of AP9. 
Line comparison For the analysis of data for individual 
environments, the following model was used; 
%ijkl = u + Ri + Bj + Sk + Li + BSjk + BLj^ + SL^i + BSLj^i + e^j^l 
where ; 
^iikl ~ observed value for the 1^^ line in the solution change 
schedule in the j HCO^" level in the i replication, 
u = overall mean effect, 
= effect of the i^^ replication, i = 1 to 2, 
Bj = effect of the HCO^" level, j =1 to 5, 
Sj^ = effect of the solution change schedule, k = 1 to 3, 
L^ = effect of the 1^^ line, 1 =1 to 8, 
BSj^ = effect of the HCO^~ x solution interaction, 
BLj2 = effect of the HCO^" x line interaction, 
SLki = effect of the solution x line interaction, 
BSLjj^O. = effect of the HCO^" x solution x line interaction, and 
®ijkl ~ error associated with the ijkl^^ observation. 
For the analysis of data combined across environments, the 
following model was used (Table 3): 
^ijklm = u + Bi + K/^ij + ^ k + ^ 1 + ^ m + ^ ^il + ^ ®il + ^ ^im + B^kl 
+ BLkm + SLgm + + EBL^j^^j + ESL^^m + ^ ®®^ijkl + 
®ijklra 
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where : 
~ observed value for the line in the 1^^ solution change 
schedule in the k HCOj" level in the replication 
witnin the i^^ environment, 
u = overall mean effect, 
= effect of the i^^ environment, i = 1 to 2, 
R/Ej J = effect of the replication within the i^^ environment, 
j = 1 to 2, 
= effect of the HCO^~ level, k = 1 to 5, 
= effect of the 1^^ solution change schedule, 1 = 1 to 3, 
Ljjj = effect of the line, m = 1 to 8, 
= effect of tne environment x HCO^" interaction, 
ESii = effect of the environment x solution interaction, 
ELj^jjj = effect of the environment x line interaction, 
BSj^l = effect of the HCO^~ x solution interaction, 
BLkm = effect of the HCO^" x line interaction, 
SLgjjj = effect of the solution x line interaction, 
EBSij^l = effect of the environment x HCO^" x solution interaction, 
EBLikjQ = effect of the environment x HCO^~ x line interaction, 
ESLiim = effect of the environment x solution x line interaction, 
EBSL^IJ'J^JJJ = effect of the environment x HCO^~ x solution x line 
interaction, and 
®ijklm ~ error associated with the ijklm^^ observation. 
For the analysis of data for individual environments, the mean 
squares for HCOjj" levels, solution change schedules, lines and all 
first- and second-order interactions were tested against the error mean 
squares. For the analysis of data combined across environments, the 
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mean squares for HCO^", solution, and lines were tested against the mean 
squares for the corresponding Interaction with environment. The mean 
squares for the HCO^~ x solution, HCO^j" x line, and solution x line 
Interactions were tested against the mean squares for the corresponding 
second-order Interaction with environment. The mean squares for the 
HCOj" X solution x line Interaction were tested against the mean squares 
for the corresponding third-order interaction with environment. The 
mean squares of all first-, second-, and third-order interactions 
involving environments were tested against the error mean square. 
Rank correlation coefficients for Fe efficiency were calculated 
between field and nutrient solution data. 
AP9 parents For the analysis of data for individual 
environments, the following model was used: 
Yijk = u + Ri + Bj + e^j + + BLj^ + e^j^ 
Where; 
^lik ~ observed value of the k^^ line in the HCO^~ level of 
the 1 replication, 
u = overall mean effect, 
= effect of the i^^ replication, 1 = 1 to 2, 
Bj = effect of the HCO^" level, j =1 to 3, 
e^j = error associated with the ij^h observation, 
Ljç = effect of the k^^ line, k = 1 to 90, 
BLj^ = effect of the HCOj" x line interaction, and 
®ijk ~ Gfrof associated with the ijk^^ observation. 
Table 3. Form of the analysis of variance for Line Comparison nutrient 
solution data combined across environments 
Source of Variation df® Expected Mean Squares 
Environments (E) e-1 + 
Replications/E e(r-1) 4 
Bicarbonates (B) b-1 4 + RBLdgb + ERSLB^ 
Solutions (S) 8-1 4 + RBLdgs + ERBLS^ 
Lines (L) 1-1 4 + RBSdh + ERBSL^ 
E X B (e-1) (b-1 4 + ERLdgb 
E X S (e-1)(s-1 4 + RBLdZg 
E X L (e-1)(1-1 4 + RBSd2^ 
B X S (b-1)(s-1 4 + KLdlbs + GRLdgs 
B X L (b-1) (1-1 4 + RSdgbl + ERSd§i 
S X L (s-1)(l-1 4 + + 
E X B X S (e-1)(b-1 (s-1) 4 + RLdebs 
E X B X L (e-1)(b-1 (1-1) 4 + BSdgbi 
E X S X L (e-1)(s-1 (1-1) 4 + RBdlal 
B X S X L (b-1 ) ( 8—1 (1-1) 4 + Rd§bsl + ERdlsi 
E X B X S X L (e-1)(b-1 (s-1) (1-1) 4 + Rd|b8l 
Error e(r-l)(bsl-1) 4 
®e = environments, r = replications, b = bicarbonate levels, s = 
solution change schedules, and 1 = lines. 
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For the analysis of data combined across environments, the 
following model was used (Table 4): 
%ijkl = u + &1 + +Bk + ^ ®ik + ®ijk + + 
^®^ikl + ®ijkl 
where : 
Yijki = observed value of the 1^^ line in the k^^ HCOv" level 
in the j replication within the i^^ environment, 
u = overall mean effect, 
= effect of the i^^ environment, i = 1 to 2, 
R/Ejj = effect of the replication within the i^^ environment, 
j = 1 to 2, 
= effect of the k^^ HCO^~ level, k = 1 to j, 
EBik = effect of the environment x HCO^" interaction, 
®ijk ~ error associated with the ijk^^ observation, 
Lj^ = effect of the 1^^ line, 1 = 1 to 90, 
ELii = effect of the environment x line interaction, 
BLki ~ effect of the HCO^" x line interaction, 
EBLiki = effect of the environment x HCO^"" x line interaction, 
®ijkl ~ error associated with the ijkl^^ observation. 
For the analysis of data by HCO^~ level combined across 
environments, the following model was used: 
^ijk = u + Bi + B/Bij + ^  + ^^ik + ®ijk 
where ; 
Yiik = observed value of the k^^ line in the replication within 
the i^" environment, 
u = overall mean effect, 
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Ej^ = effect of the environment, i = 1 to 2, 
R/E^j = effect of the replication within the i^^ environment, 
j = 1 to 2, 
= effect of the line, k = 1 to 90, 
ELj^jj = effect of the environment x line interaction, and 
®ijk ~ Gffor associated with the ijk^^ observation. 
In each analysis of variance, the mean squares due to lines were 
subdivided into two components, variation due to cycles and variation 
due to lines within cycles. The mean squares for lines within cycles 
were subdivided further into eight components accounting for the 
variation due to lines within each cycle. 
For the analysis of data for individual environments, the mean 
squares for HCO^~ were tested against the mean squares for error a. The 
mean squares for lines and the HCO^~ x line interaction were tested 
against the mean squares for error d. For the analysis of data combined 
across environments, the mean squares for HCO^~ were tested against the 
mean squares for the environment x HCO^" interaction. The mean squares 
for the environment x HCO^~ interaction were tested against the mean 
squares for error a. The mean squares for lines and cycle components 
(lines in GO, lines in CI, etc.) were tested against their respective 
environment x line mean squares. The mean squares for the HCO^" x line 
and HCO^" x cycle component interactions were tested against the 
corresponding second-order interactions involving environments. The 
mean squares for the environment x line, environment x cycle component, 
environment x HCO^~ x line and environment x HCO^" x cycle component 
interactions were tested against the mean squares for error d. 
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Coefficients for the regression of chlorosis score on cycle number 
were calculated for each HCO^" level using data combined across 
environments. Hank correlation coefficients between field and nutrient 
solution ratings were calculated for each HCO^~ level using data 
combined across environments. 
Cycle ^  and populations of AP9 For the analysis of data for 
individual environments, the following model was used; 
^ij = " + Ki + Lj + + P/LRijk 
where : 
j = observed value for the line in the i^^ replication, 
u = overall mean effect, 
= effect of the i^^ replication, i = 1 to 6, 
Lj = effect of the line, j = 1 to 100, 
eu J = error associated with the ij^^ observation, and 
i J 
P/LR^jk = residual error. 
For the analysis of data combined across environments, the 
f o l l o w i n g  m o d e l  w a s  u s e d  ( T a b l e  5 ) i  
%ijk = " + % + R/Bij + Lk + ELik + ®ijk + F/LRGijki 
where : 
^ijk ~ observed value for the k^^ line in the replication 
within the i environment, 
u = overall mean effect, 
= effect of the i^" environment, i = 1 to 2, 
R/Ej ^ = effect of the replication within the i^^ environment, 
^ j = 1 to 6, 
= effect of the line, k = 1 to 100, 
40 
Table 4» Form of the analysis of variance for AP9 Parents nutrient 
solution data combined across environments 
Sources of Variation dfB Expected Wean Squares 
Environments (E) e-1 4 + «4 
Replications/E elr-l) • 4 
Bicarbonates (B) b-1 4 + Rd|b + ERdg 
E X B (e-1 ) (b-1 ) + Rd§b 
Error a e(r-1)(b-1) 
Lines (L) 1-1 cj| + RBOgi +ERBL^ 
Cycles (C) c-1 dd(c) + ^^4c + ERBC2 
L/C 1-c 4(l/c) + RB^l/c + SRB(L/C) 
L/CÛ 4(0) + BBdgi(Q) + ERBL^Qj 
L/C1 (1-1-1) 4(1) + ^ ^4l(l) + BRBL^i) 
L/C2 () 4(2) + R^^el(2) + ERBL^2) 
L/Cj ( I3-I ) 4(3) + ^^4I(3) + BRBL^jj 
L/C4 (I4-I) 4(4) + ^ ^41(4 )  +  ^^^^(4 )  
L/C5 (I5-I) 4(5) ^®4I(5) BRBL^g) 
L/C6 4(6) + ^^^41 (6) + BRBL^G) 
L/C? (I7-I) 4(7) + ^®4I(7) + ERBL^y^ 
E X L (e-1)(1-1) 4 + RBd|i 
E X C (e-1) (c-1) dd(o) + 
E X L/C (e-1)(1-c) 4(1/c) + ^^4i/c 
E X L/CO (e-1 ) (Iq-I ) 4(0) + ^®4i(o) 
'^e = environments, r = replications, b = bicarbonate levels, 1 = 
lines, and c = cycles. 
Table 4» (continued) 
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E X L/C1 (e-1 ) (l-|-1 ) 
^d(i) + 
E X L/C2 (e-1)(l2~1) 
*d(2) + RBdgitz) 
E X L/C3 (e-1)(1^-1) dd(j) + RBd2i(2j 
E X L/C4 (e-1)(1^-1) dd(4) + KBdel(4) 
E X L/C5 (e-1 ) (icj-l ) dd(5) + RBdfi(5) 
E X L/C6 (e-1)(1^-1) dd(6) + Kbdel(6) 
E X L/C7 (e-1)(ly-1) 
^d(7) + REd^i^yj 
X L (b-1)(1-1) + Rd^bi + ER(BL)2 
B X C (b-l)(c-l) *^d(c) + Rôfbc + ER(BC)2 
B X L/C (b-l)(l-cj dd(l/o) + R6§bi/o + ER(BL/C)2 
B X L/CO (b-l)(lQ-1) 
^d(O) + Rdebl(o) + ER(BL)^Q) 
B X L/C1 (b-1)(1^-1) 
*d(1) + Rdebl(l) + ER(BL)^^J 
B X L/C2 (b-1)(I2-I) 
^d(2) + Rd§bl(2) + ER(BL)^2) 
B X L/Cj, (b-1 )(1ï;-1 ) <^d(3) + Rd§bl(j) + ER(BL)^2j 
B X L/C4 (b-Dd^-i) dd(4) + R'^ebl(4) + ER(BL)^4) 
B X L/C5 (b-l)(lg-l) dd(5) + Rdebl(5) + ER(BL)^2j 
B X L/C6 (b-Ddg-D dd(6) + Rd§bl(6) + BR(BL)^6j 
B X L/C7 
E X B X L 
E X B X C 
E X B X L/C 
E X B X L/CO 
E X B X L/C1 
(b-1)(iy-1) 
(e-1)(b-1)(1-1) 
(e-1)(b-1)(c-1) 
(e-l)(b-l)(l-c) 
(e-1) (b-1) (1(3-
(e-1 )(b-1 )(l-|-
'd(7) + R'^ebl(7) BR(BL)^Y) 
r,v2 
•1) 
•1) 
'^d(c) K^ebo 
dd(l/c) Rdgbi/c 
dd(0) + R^ebl(O) 
^d(l) + Rdebl(l) 
Table 4» ^continued) 
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E X B X L/C2 (e-1)(b-1 ( 2-1) dd(2) + Kdebl(2) 
E X B X L/Cj (e-1)(b-1 ( 2-1) dSo) + *d§bl(j) 
E X B X L/C4 (e-l)(b-1 ( 4-1) dd(4) + Bdebl(4) 
E X B X L/C5 (e-1)(b-1 ( 5-1) dd(5) + Rd§bl(5) 
E X B X L/c6 (e-1)(b-1 ( 6-1) 4(6) + Rdebl(6) 
E X B X L/C7 (e-1)(b-1 ( y-1 ) dd(7) + Kdebl(7) 
Error e(r-1)(bl-1 ) 
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= effect of the environment x line interaction, 
®ijli ~ error associated with the ijk^^ observation, and 
P/LRE^jki = residual error. 
Heritabilities were calculated on a single-plant, plot, and entry-mean 
basis. 
Table 5. Form of the analysis of variance for nutrient solution data 
combined across environments for the Cycle 6 and 7 populations 
of AP9 
Sources of Variation dfB Expected Mean Squares 
Environments (E) e-1 4 + R^e 
Replications/E e(r-l) 
Lines (L) 1-1 + Pd§ + PRgZ^ + pREdf 
E X L (e-1) (1-1) dj + Pdg + PRd§i 
Error e(r-1)(1-1) d2 + Pdg 
Plants/Plots erl(p-1) 
®e = environments, r = replications, 1 = lines and p = plants. 
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RESULTS 
Line Comparison 
The analysis of variance for each field environment indicated 
significant (P<0.01) variation among genotype means for Fe efficiency 
(Tables 6 and 8). The analysis of variance combined across field 
environments indicated significant (P<0.01) variation for the main 
effects of environments and genotypes and for the genotype x environment 
interaction (Tables 7 and 0). Hank correlation coefficients between 
mean chlorosis scores of genotypes grown in the field in different years 
were 0.98 (P<0.01) for 1985 vs. 1986, 0.97 (P<0.û1 ) for 1985 vs. 1987, 
and 0.99 (P<0.01) for 1986 vs. 1987. The high rank correlation 
coefficients indicated that the significant genotype x environment 
interaction was associated primarily with changes in the magnitude of 
differences among genotypes between years. A7 had the lowest and B21b 
the highest mean scores in each environment, but the difference between 
the two genotypes was 3*4 in 1985, 2.5 in 1986, and 3.2 in 1987. Lines 
did not change in rank among years, with the exception of Weber and 
Hawkeye. Weber ranked fourth in 1985 and third in 1986 and 1987 and 
Hawkeye ranked third in 1985 and fourth in 1986 and 1987. The 
significant genotype x environment interaction would have little effect 
upon selection for Fe efficiency among these genotypes. 
The analysis of variance for each greenhouse environment indicated 
significant (P<0.01 ) variation among HCOj", solution, and genotype means 
(Tables 9, 11, and 12). The analysis of variance combined across 
greenhouse environments indicated significant (P<0.01) variation for the 
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main effects of HCOj" levels and genotypes and for the environment x 
HCO^", environment x solution, and genotype x environment interactions. 
The HCOj" X solution interaction was non-significant (Tables 10 and 13). 
In the individual and combined analysis, increasing the HCO^" 
concentration substantially increased the severity of chlorosis. The 4 
mM treatment consistently induced the lowest and the 12 mM treatment 
consistently induced the highest levels of chlorosis. Chlorosis scores 
for the 4-8 and 4-8-12 mM treatments were similar to corresponding 
scores for the HCO^" level under which the leaf developed. Increases in 
HCO^~ level at each stage of plant development did not affect the 
chlorosis of leaves fully developed before the increase in HCO^". Lines 
were differentiated at each HCO^" level. Rank correlation coefficients 
between mean chlorosis scores of genotypes grown in nutrient solution 
and in the field were significant (P<0.01) and ranged from 0.85 to 0.89 
for HCOj" levels (Table 11). 
In each environment, the four-day change schedule induced the most 
severe and the reduced-change schedule induced the least severe 
chlorosis. In the combined analysis, solution-change schedules were not 
significantly different. Lines were differentiated within each 
solution-change schedule. Rank correlation coefficients between the 
mean chlorosis scores of genotypes evaluated in field and nutrient 
solution tests were significant (P<0.01) and ranged from 0.81 for the 
four-day change to 0.91 for the no-change schedules (Table 11). 
The significant environment x HCO^~ and environment x solution 
interactions were associated with changes in the magnitude of 
differences among treatments between environments. The significant 
genotype x environment interaction was associated with changes in the 
magnitude of differences among genotypes between environments and with 
changes in the rank of the genotypes. Weber was the only genotype to 
change rank between the two environments. Weber was ranked fifth in 
environment 1 and third in.environment 2. The first order interactions 
involving environments with HCO^" levels, solution change schedules and 
genotypes should have minimal effect on differentiating these genotypes 
for Fe efficiency in nutrient solution. 
The non-significant HCû^" x solution interaction in the combined 
analysis indicated that solution-change schedules performed similarly at 
each HCOj" concentration. Therefore, it will not be necessary to use a 
specific solution change schedule for differentiating genotypes in a 
nutrient solution containing a specific HCO^" concentration. 
Table 6. Analysis of variance for Fe efficiency of genotypes in the 
Line Comparison test at three field environments 
Mean Squares 
Sources of Variation df 1985 1985 1987 
Replications . 5 0.44 0.56 0.26 
Lines 7 8.62** 3.80** 9.39** 
Error 35 0.27 0.32 0.18 
C.V. {%) 15.3 20.1 12.1 
Significant at the 0.01 probability level. 
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Table 7. Analysis of variance for Fe efficiency of genotypes in the 
Line Comparison test combinea across field environments 
Sources of Variation df Mean Squares 
Environments (E) 2 7.38** 
Replications/E 15 0.42 
Lines (L) 7 19.69** 
E X L 14 1.06** 
Error 105 0.25 
C.V. (%) 15.6 
**Significant at the 0.01 probability level. 
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Table 8. Mean Fe-chlorosis scores for genotypes in the Line Comparison 
test at three field environments and averaged over 
environments 
Chlorosis Score 
Line 1985 1986 1987 X 
A7 1.3 1.8 1.8 1.6 
A2 2.1 2.2 2.5 2.3 
Weber 3.4 2.3 2.6 2.8 
Hawkeye 3.1 2.5 3.3 2.9 
Hodgson 3.7 2.7 3.3 3.2 
Hack 4o 3.2 4.9 4.1 
Corsoy 4.5 3.3 4.9 4.3 
B216 4.7 4.3 5.0 4.7 
LSD^0.05 0.6 0.7 0.5 0.7 
LSD^O.01 0.8 0.9 0.7 1 0 
X 3.4 2.8 3.5 
LSDJo.05 0.3 
LSD°0.01 0.4 
®Least significant difference for comparison of genotype means. 
'^Least significant difference for comparison of environment 
means. 
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Table 9. Analysis of variance for Fe efficiency of genotypes in the 
Line Comparison test at two greenhouse environments 
Mean Squares 
Sources of Variation df Environment 1 Environment 2 
Replications 1 0.27 0.02 
Bicarbonates (B) 4 8.69** 3.94** 
Solutions (S) 2 0.70** 10.42** 
Lines (L) 7 20.55** 8.86** 
B X S 8 0.76** 0.16* 
B X L 28 0.27** 0.10 
S X L 14 0.10* 0.24** 
B X S X L 56 0.09** 0.06 
Error 119 0.05 0.07 
C.V. {%) 6.0 9.3 
' Significant at the 0.05 and 0.01 probability levels, 
respectively. 
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Table 10. Analysis of variance for Fe efficiency of genotypes in tne 
Line Comparison test combined across greenhouse environments 
Sources of Variation df Mean Squares 
Environments (E) 1 79.49** 
Replications/E 2 0.15 
Bicarbonates (B) 4 11.97** 
Solutions (S) 2 6.74 
Lines (L) 7 27.31** 
E X B 4 0.65** 
E X S 2 4.37** 
E X L 7 2.10** 
B X S 8 0.56 
B X L 28 0.19 
S X L 14 0.23 
E X B X S 8 0.36** 
E X B X L 28 0.18** 
E X S X L 14 0.12* 
B X S X L 56 0.07 
E X B X S X L 56 0.08 
Error 238 0.06 
C.V. {%) 7.5 
*'**Significant at the 0.05 and 0.01 probability levels, 
respectively. 
Table 11. Mean Fe-chlorosis scores for genotypes in the Line Comparison 
test averaged across field environments and at five 
HCO^~ levels at two greenhouse environments and 
averaged across greenhouse environments 
Greenhouse 
Bicarbonate Level (mM) 
4 8 
Environment Environment 
Line Field 1 2 X 1 2 X 
A7 1.6 1.7 1.9 1.8 2.0 1.9 1.9 
A2 2.3 2.5 2.3 2.4 3.5 2.9 3.2 
Weber 2.8 3.2 2.3 2.8 4.1 2.6 3.4 
Hawkeye 2.9 2.7 2.2 2.2 3.0 2.5 2.7 
Hodgson 3.2 2.8 2.4 2.6 3.8 3.0 3.4 
Hack 4.1 3.4 2.8 3.1 4.4 3.0 4.0 
Corsoy 4.3 3.5 2.7 3.1 4.7 3.3 3.7 
B216 4.7 4.7 3.2 3.9 4.9 3.9 4.4 
LSD®0.05 0.7 0.3 0.2 0.5 0.2 0.4 0.5 
LSD®0.01 1.0 0.4 0.3 0.8 0.3 0.5 0.7 
X 3.0 2.5 2.7 3.8 2.9 3.3 
LSDJo.05 0.1 0.1 0.3 
LSD^O.OI 0.1 0.1 0.5 
r° 0.87** 0.89** 
®Least significant difference for comparison of genotype means. 
'^Least significant difference for comparison of HCO^~ means. 
°Rank correlation coefficient between mean chlorosis score of 
genotypes grown in nutrient solution and their mean chlorosis score in 
the field. 
**Significant at the 0.01 probability level. 
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12 4-8 4-8-12 
Environment Environment Environment 
2.4 2.2 2.5 2.1 1.9 2.0 2.5 2.1 2.2 
4.2 5.2 5.7 5.7 2.8 5.2 5.9 5.1 5.5 
4.5 5.1 5.8 4.2 2.8 5.5 4.1 2.8 5.4 
5.8 2.8 5.5 5.2 2.4 2.8 5.4 2.5 2.9 
4.5 5.4 5.8 5.9 5.0 5.4 5.8 5.1 5.5 
4.4 5.5 4.1 4.5 5.0 5.8 4.5 5.5 4.0 
4.7 5.6 4.0 4.4 5.2 5.7 4.5 5.5 5.8 
4.8 4.1 4.5 4.7 4.1 4.4 4.7 4.1 4.4 
0.5 0.5 0.5 0.5 0.5 0.4 0.5 0.5 0.5 
0.4 0.5 0.5 0.5 0.4 0.6 0.4 0.4 0.5 
4.1 5.2 5.7 5.8 2.9 5.4 5.9 5.1 5.5 
0«89** 0*85** 
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Table 12. Mean Fe-chlorosis scores for genotypes in the Line Comparison 
test averaged across field environments and in three nutrient 
solutions at two greenhouse environments and combined across 
greenhouse environments 
Greenhouse 
Solution^ 
1 2 3 
Environment Environment Environment 
Line Field 1 2 X 1 2 X 1 
A7 1.6 2.1 2.4 2.3 2.0 1.7 1.9 2.1 1.9 2.0 
A2 2.3 3.7 3.5 3.6 3.5 2.4 3.0 3.5 2.6 3.1 
Weber 2.8 4.0 3.1 3.5 4.3 2.5 3.4 3.8 2.5 3.2 
Hawkeye 2.9 3.2 2.9 3.1 3.2 2.3 2.8 2.9 2.2 2.5 
Hodgson 3.2 3.8 3.3 3.5 3.8 3.0 3.4 3.6 2.6 3.1 
Hack 4.1 4.1 3.7 3.9 4.2 2.8 3.5 4.1 2.8 3.5 
Corsoy 4.3 4.4 3.6 4.0 4.4 2.9 3.7 4.3 3.1 3.7 
B216 4.7 4.8 4.1 4.4 4.8 3.7 4.3 4.8 3.7 4.2 
LSD^O.05 0.7 0.3 0.2 0.3 0.2 0.2 0.3 0.2 0.2 0.2 
LSD^O.OI 1.0 • 0.3 0.2 0.4 0.2 0.3 0.5 0.2 0.3 0.4 
X 3.8 3.3 3.6 3.8 2.7 3.3 3.6 2.7 3.2 
LSD°0.05 0.1 0.1 1.0 
LSD°0.01 0.1 0.1 2.3 
r^ 0.81* 0.91** 0.85 
^1 = four-day change, 2 = no-change, and 3 = reduced-change 
schedules. 
'^Least significant difference for comparison of genotype means. 
°Least significant difference for comparison of solution means. 
"^Rank correlation coefficient between mean chlorosis score of 
genotypes grown in nutrient solution and their mean chlorosis score in 
the field. 
*,**Significant at the 0.05 and 0.01 probability levels, 
respectively. 
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Table 1j. Mean Fe-cnlorosis scores for genotypes in the Line Comparison 
test at two greenhouse environments and combined across 
environments 
Environment 
Line 1 2 X 
A7 2.1 2.0 2.1 
A2 j.b 2.8 3.2 
Weber 4.0 2.7 3.4 
riawkeye 3.1 2.5 2.8 
Hodgson 3.7 3.0 30 
hack 4.1 ^.1 3.6 
Corsoy 4.4 3.2 3.8 
B216 4.8 3.8 4.3 
LSD^O.05 0.1 0.1 0.5 
LSD^O.01 0.2 0.2 0.7 
X 3.7 2.9 3.3 
LSD^O.05 0.2 
LSD'^0.01 0.4 
^Least significant difference for comparison of genotype means. 
^Least significant difference for comparison of environment means. 
Table I4. Mean Fe-chlorosis scores for five bicarbonate and three 
solution treatments in the Line Comparison test at two 
greennouse environments and combined across environments 
Environment 
1 2 
Bicarbonate Level (mi'l) Bicarbonate Level (ml'^j) 
Solution® 4 a 12 4-8 4—8—12 4 8 12 4-8 4-d-12 
1 2.9 3.8 4.2 4.0 3.9 2.9 3.3 3.7 3.4 3.3 
2 3.4 3.7 4.0 3.8 4.0 2.3 2.7 3.0 2.6 2.9 
3 2.7 3.8 4.2 3.6 3.7 2.2 2.6 3.1 2.7 3.0 
LSD 0.05 0.2 0.1 0.2 0.2 0.2 0.1 0.2 0.2 0.2 0.2 
LSD 0.01 0.2 0.2 0.2 0.2 0.2 0.2 0.3 0.3 0.3 0.2 
= four-day change, 2 = no-change, and 3 = reduced-change 
schedules. 
X 
Bicarbonate Level (niM) 
4 8 12 4-8 4-8-12 
2.9 
2.9 
2.4 
1.7 
4.0 
3.6 
3.2 
3.2 
1.6 
3.7 
3.9 
3.5 
3.7 
0.9 
2.1 
3.7 
3.2 
3.1 
0.9 
2 .1  
3.6 
3.5 
3.4 
0.9 
2.0 
Table 13. Mean Fe-chlorosis score for genotypes in the Line Comparison test grown in 15 nutrient 
solutions at greenhouse environment 1 
Bicarbonate Level (mM) 
4 8 12 4-8 4-6-12 
Solution^ Solution Solution Solution Solution 
Line 12312312^12:512^ 
A7 1.9 1.8 1.5 2.1 1.8 2.1 2.6 2.1 2.7 2.2 1.9 2.2 2.0 2.5 2.2 
A2 2.8 2.8 2.1 3.7 3.4 3.5 4.2 3.7 4.6 4.0 3.8 3.2 ' 3.8 4.1 3.9 
Hawkeye 2.1 2.6 2.0 3.1 3.0 3.0 4.2 3.5 3.6 3.4 3.4 2.7 3.3 3.7 3.1 
Weber 3.0 4.1 2.6 4.1 4.4 3.9 4.6 4.5 4.4 4.3 4.1 4.0 4.0 4.3 4.1 
Hodgson 2.6 3.2 2.5 3.9 3.7 3.9 4.5 4.0 4.5 4.1 4.1 3.5 3.9 4.1 3.5 
Hack 3.1 4.1 3.0 4.5 4.2 4.5 4.3 4.4 4.5 4.4 4.2 4.3 4.3 4.3 4.2 
Corsoy 3.4 4.1 2.9 4.7 4.5 5.0 4.7 4.6 4.7 4.6 4.4 4.3 4.7 4.4 4.5 
B216 4.6 4.7 4.6 4.8 4.9 4.9 4.8 5.0 4.8 4.8 4.6 4.8 4.8 4.8 4.6 
LSD 0.05 0.5 0.3 0.5 0.9 0.6 0.4 0.4 0.6 0.7 0.7 0.8 0.6 0.3 0.5 0.5 
LSD 0.01 0.7 0.5 0.7 1.3 0.9 0.6 0.6 0.9 1.0 1.0 1.2 0.9 0.5 0.7 0.7 
^1 = four-day change, 2 = no-change, and 3 = reduced-change schedules. 
Table 16. Mean Fe-chlorosis score for genotypes in the Line Comparison population grown in 15 
nutrient solutions at greenhouse environment 2 
Bicarbonate Level (mM) 
4 8 12 4-8 4-8-12 
Solution^ Solution Solution Solution Solution 
Line 12312j12^12j12j) 
A7 2.3 1.6 1.8 2.4 1.6 1.7 2.6 1.8 2.3 2.4 1.5 1.9 2.6 2.0 1.8 
A2 2.8 2.0 2.1 3.6 2.4 2.6 3.9 2.8 3.0 3.8 2.2 2.5 3.5 2.8 3.1 
Hawkeye 2.7 2.0 2.0 2.9 2.4 2.2 3.2 2.8 2.4 3.1 2.1 2.2 2.7 2.5 2.4 
Weber 2.6 2.2 2.2 2.8 2.5 2.4 3.6 2.6 3.1 3.3 2.6 2.5 3.0 2.6 2.6 
Hodgson 2.9 2.3 2.0 3.5 2.9 2.5 3.6 3.6 2.9 3.2 3.3 2.5 3.2 3.1 3.0 
Hack 3.5 2.4 2.4 3.5 2.8 2.6 4.1 3.1 3.4 3.6 2.9 2.7 3.7 3.1 3.2 
Corsoy 3.1 2.7 2.4 3.7 3.0 3.1 4.1 3.2 3.4 3.8 2.6 3.2 3.6 3.2 3.6 
B216 3.7 3.1 2.7 4.2 3.7 3.6 4.2 4.1 4.0 4.3 3.9 4.1 4.2 3.9 4.1 
LSD 0.05 0.4 0.8 0.6 0.6 0.7 0.8 0.3 0.9 0.8 0.6 0.4 0.5 0.5 0.5 0.3 
LSD 0.01 0.6 1.2 0.9 0.9 1.0 1.2 0.4 1.3 1.1 0.9 0.6 0.7 0.7 0.7 0.4 
®1 = four-day change, 2 = no-change, and 3 = reduced-change schedules. 
Table T/. l-iean Fe-chlorosis scores for genotypes in the Line Comparison 
test averaged over field environments and greenhouse 
environments 
Greenhouse 
Bicarbonate Level (mM) 
Line Field 
4 
Solution® 
8 
Solution 
1 2 3 1 2 3 
A7 1.6 2.1 1.7 1.7 2.2 1.7 1.9 
A2 2.:, 2.8 2.4 2.1 3.6 2.9 3.0 
Weber 2.8 2.8 3.1 2.4 3.5 3.4 3.2 
Hawkeye 2.9 2.4 2.3 2.0 3.0 2.7 2.6 
Hodgson j,.2 2.7 2.8 2.3 3.7 3.3 3.2 
HacK 4.1 3.3 3.2 2.7 4.0 3.5 3.5 
Corsoy 4.3 3.3 3.4 2.6 4.2 3.7 4.0 
B21b 4.7 4.2 3.9 3.7 4.5 4.3 4.3 
LSD 0.05 0.7 0.9 1.0 1.1 0.9 0.9 0.9 
LSD 0.01 1.0 1.3 1.4 1.7 1.3 1.3 1.3 
rb 0.79 * 0.88** 0.86** 0.90 ** 0.88** 0.93** 
^1 = four-day change, 2 = no-change, and 3 = reduced-change 
schedules. 
Rank correlation coefficient between mean chlorosis score of 
genotypes grown in nutrient solution and their mean chlorosis score in 
the field. 
*'**Significant at the 0.05 and 0.01 probability levels, 
respectively. 
60 
12 4~Q 4~8~12 
Solution Solution Solution 
2.6 1.9 2.5 2.3 1.7 2.0 2.3 2.3 2.0 
4.0 3.2 3.8 3.9 3.0 2.9 3.6 3.5 3.5 
4.1 3.5 3.8 3.8 3.4 3.2 3.5 3.5 3.4 
i.l 3.1 3.0 3.2 2.7 2.4 3.0 3.1 2.7 
4.0 3.8 3.7 3.6 3.7 3.0 3.6 3.6 3.2 
4.2 3.8 4.0 4.0 3.5 3.5 4.0 3.7 3.7 
4.4 3.9 4.0 4.2 3.5 3.7 4.1 3.8 4.1 
4.5 4.5 4.4 4.5 4.3 4.4 4.5 4.4 4.3 
0.6 0.9 0.7 0.7 0.8 0.8 0.9 0.6 0.6 
1.0 1.3 1.1 1.1 1.2 1.1 1.3 0.8 0.8 
** * * * 
_** _ * ** 0.81 0.90 0.79 0.79 0.83 0.88 0.83 0.93 0.79 
61 
AP9 Parents 
Chlorosis in and 1987 were of adequate severity to 
differentiate cycles so that data collected after cutoff treatment were 
not required for analysis. Therefore, only data collected before plant 
cutoff in each of the three years were analyzed for tnis experiment. 
The analysis of variance for each field environment indicated 
significant (P<0.01) variation among cycle means (Tables 18 and 20). 
Cycle 0 had the highest and Cycle 7 the lowest average chlorosis score 
in each environment. This was expected because the parents of the Cycle 
0 population were plant introductions and adapted lines with moderate Fe 
efficiency whereas the parents of Cycle 7 were derived through six 
cycles of recurrent selection for Fe efficiency. 
The analysis of variance combined across field environments 
indicated significant (P<0.01) variation among cycle means and a 
significant (P<0.01) environment x cycle interaction (Tables 19 and 20). 
Cycle 0 had the highest and Cycle 7 the lowest average chlorosis scores, 
and the difference in score between the two cycles was 1.2. The 
significant environment x cycle interaction was associated with changes 
in the magnitude of differences among cycles between years. The 
differences between the mean chlorosis score of the parents of Cycle 0 
and 7 were 1.6 in 1985, 0.8 in 1986, and 1.5 in 1987 (Table 20). Cycle 
means did not change in rank between years, therefore, the significant 
environment x cycle interaction should have had little effect on 
determining the average rate of genetic gain for Fe efficiency. 
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Table 18. Analysis of variance for Fe efficiency of the parents of AP9 
at three field environments 
Mean Squares 
Sources of Variation df 1985 1986 1987 
Replications 5 5.55 0.32 1 .jl 
Lines (L) 89 2.93** 0.71** 2.23** 
Cycles (C) 
L/C 
7 
82 Vol-
L/CO® 
L/C1 
L/C2 
L/C3 
L/C4 
L/C5 
L/C6 
L/C7 
19 
9 
9 
9 
9 
9 
9 
9 
IIP 
0.23 
0.17. 
0.22* 
0.15 
0.64** 
0.18 
5}: 
0.07* 
0.25%* 
0.24 
3.18** 
0.53 
0.59* 
0.33 
0.18 
0.31 
0.10 
Error 445b 0.21 0.09 0.25 
C.V. (%) 18.9 12.8 19.2 
^0 = cycle 0, 1 = cycle 1,2 = cycle 2, 3 = cycle j}, 4 = cycle 4» 
5 = cycle 5, 6 = cycle 6, and 7 = cycle 7. 
^444 for 1985 and 442 for 1987 due to missing plots. 
*»**Significant at the 0.05 and 0.01 probability levels, 
respectively. 
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Table 19. Analysis of variance for Fe efficiency of the parents of AP9 
combined across field environments 
Sources of Variation df Mean Squares 
Environments (E) 2 10.29* 
Replications/E 15 2.39 
Lines (L) 89 4.96** 
Cycles (C) 7 43.11** 
Linear 
Lack of Fit 
1 
6 
277.13** 
4.11 
L/C 82 1.71** 
L/CO® 
L/CI 
L/C2 
L/C3 
L/C4 
L/C5 
L/C6 
L/C7 
19 
9 
9 
9 
9 
9 
9 
9 
5-45%% 
0.41 
0.21 
0.40 
0.29 
E X L 178 0.45** 
E X C 14 1.79** 
Linear 
Lack of Fit 
2 
12 
10.65** 
0.31 
E X L/C 164 0.34** 
E X L/CO 
E X L/C1 
E X L/C2 
E X L/C3 
E X L/C4 
38 
18 
18 . 
18 
18 
0.90** 
0.22 
0.19 
0.23 
0.16 
^0 = cycle 0, 1 = cycle 1,2= cycle 2, 3 = cycle 3, 4 = cycle 4, 
5 = cycle 5, 6 = cycle 6, and 7 = cycle 7. 
*»**Significant at the 0.05 and 0.01 probability levels, 
respectively. 
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Table 19. (continued) 
E X L/C5 18 0.10 
a X L/C6 18 0.19 
E X L/C7 18 0.10 
Error . 1jj5 0.18 
C.V. 17.4 
65 
Table 20. Cycle means for fe-chlorosis score of the parents of AP9 at 
tnree field environments and averaged over environments 
Cycle 
Chlorosis Score 
1985 1986 1987 X 
0 3.4 2.7 3.3 3.1 
1 2.7 2.4 2.8 2.6 
2 2.5 2.4 2.7 2.5 
j 2.5 2.3 2.5 2.4 
4 2.1 2.2 2.3 2.2 
5 2.0 2.1 2.2 2.1 
6 1.9 2.0 2.1 2.0 
7 1.8 1.9 2.0 1.9 
LSD® 0.05 0.1 0.1 0.2 0.3 
LSD^ 0.01 0.2 0.1 0.2 0.4 
LSD^ 0.05 0.2 0.1 0.2 0.3 
LSD^ 0.01 0.2 0.1 0.2 0.4 
X 2.5 2.3 2.5 
LSD°0.05 0.2 
LSD°0.01 O.j 
-0.17** 
SE b® 0.01 
®Least significant difference for the comparison of cycle 0 means 
with other cycle means. 
'^Least significant difference for comparisons among the means of 
cycles 1 through 7. 
°Least significant difference for comparisons among environment 
means. 
^Coefficient for the linear regression of chlorosis score on cycle 
number. 
^Standard error of the linear regression coefficient. 
**Significant at the 0.01 probability level. 
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Table 21. Range^ of Fe-chlorosis scores within each cycle for three 
field environments and averaged over environments 
Cycle 1985 1986 1987 
0 2.3 - 4.7 2.3 - 3.4 2.5 - 4.8 2.4 - 4.2 
1 2.2 - 3.4 2.2 - 2.8 2.5 ~ 3.3 2.3 - 3.0 
2 2.2 - 3.0 2.1 - 2.5 2.3 - 3.1 2.2 - 2.9 
3 1.8 - 2.8 1.9 - 2.5 2.0 - 3.0 2.0 — 2.8 
4 1.8 - 2.3 1.8 - 2.3 1.9 - 2.7 1.9 - 2.3 
5 1.8 - 2.3 2.0 - 2.3 1.9 - 2.4 1.9 - 2.3 
6 1.6 - 2.3 1.8 — 2.4 1.8 - 2.4 1.8 - 2.4 
7 1.5 - 2.0 1.5 - 2.3 1.8 - 2.2 1.7 - 2.1 
®The lines in each cycle with the lowest and highest scores. 
^The lines in each cycle with the lowest and highest scores 
when averaged over three environments. 
The analysis of variance for each greenhouse environment indicated 
significant (P<0.01) variation among HCO^" levels at environment 2 
(Tables 22 and 24). No significant variation was observed among HCO^~ 
levels in the combined analysis (Tables 23 and 24). At each environment 
and in the combined analysis, the 5 mM level induced the lowest and the 
15 mM level induced the highest average levels of chlorosis. The 
differences in average chlorosis score between the two HCO^~ levels were 
1.0 at environment 1, 0.7 at environment 2, and 0.8 in the combined 
analysis. The significant (P<0.01) HCO^~ x cycle interaction observed 
in the individual and combined analysis were associated primarily with 
changes in the magnitude of differences among cycles between HCO^" 
levels. Cycle 0 had the highest and cycle 7 the lowest average 
chlorosis scores for each HCO^" level at each environment. At • 
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environment 1, the differences in mean score between the two cycles for 
were 0.5 for the 5 m 1*1, 10 for the 10 mW, and 1.0 for the 15 mW HCQ^~ 
levels. At environment 2, the differences in mean score were 0.2 for 
the 5 mW, 0.4 for the 10 mW, and 0.8 for the 15 m M levels. In the 
combined analysis, the differences were 0.4 for the 5 mM, 0.8 for the 10 
mM, and 0.9 for the 15 mM levels. Cycles did not change in rank by more 
than one position. 
A combined analysis was conducted for HCO^~ levels separately 
(Tables 26 and 27). Significant differences were observed among cycle 
means for the 10 mM (P<0.05) and 15 mM (P<0.01) HCO^" levels. Cycle 0 
had tne highest and Cycle 7 the lowest average chlorosis score for each 
HC0j~ level. The differences in average chlorosis score between the two 
cycles were 0.8 for the 10 mM and 1.0 for the 15 mM levels. The level 
of Fe-stress imposed on the genotypes by the 5 mM HCO^" level was 
inadequate to properly differentiate the cycles. 
Average chlorosis scores of the parents of each cycle were 
regressed on cycle number for field and nutrient solution tests. For 
field tests, the coefficient of -0.17 - 0.01 score cycle"^ was 
significant (P<0.01). Mean chlorosis score decreased from Cycle 0 (3.1) 
to Cycle 7 (1.9) (Table 20). For greenhouse tests, chlorosis scores 
were regressed on cycle number for each HCO^" level (Table 27). The 
coefficients were significantly different among HCO^~ levels and were -
0.05 - 0.004 score cycle"'' for the 5 mM, -0.11 - 0.007 score cycle"'' for 
the 10 mM, and -0.14 - 0.007 for the 15 mW HCO^~ levels. 
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Table 22. Analysis of variance for Fe efficiency of the parents of AP9 
at two greenhouse environments 
Mean Squares 
Sources of Variation df Environment 1 Environment 2 
Replications 1 6.65 0.12 
Bicarbonates (B) 2 42.40 27.24** 
Error a 2 5.65 0.10 
Lines (L) 89 1.27** 0.27** 
Cycles (C) 
L/C 
7 
82 :::: 
L/CQG 
L/C1 
L/C2 
L/C3 
L/C4 
L/C5 
L/C6 
L/C7 
19 
9 
9 
9 
9 
9 
9 
9 
IH 
0.08 
;3n 
0.06 
0.09 
0.03 
B X  L 178 0.13* 0.07** 
B X  C 
B X L/C 
14 
164 
0.52** 
0.09 
B X  L/CO 
B X L/C1 
B X L/C2 
B X L/C3 
B X L/C4 
B X L/C5 
B X L/C6 
B X L/C? 
38 
18 
18 
18 
18 
18 
18 
18 
0.13 
0.10 
0.07 
0.11 
0.11 
0.06 
0.08 
0.04 
0.05** 
0.06 
0.06 
0.03 
0.03 
0.04 
0.05 
0.04 
Error 267 0.10 0.04 
C.V. (%) 12.5 9.3 
®0 = cycle 0, 1 = 
5 = cycle 5» 6 = cycle 
cycle 1, 
b, and 7 
2 = cycle 2, 3 = cycle 3, 
= cycle 7. 
4 = cycle 4, 
*'**Significant at the 0.05 
respectively. 
and 0.01 probability levels, 
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Table 23. Analysis of variance for Fe efficiency of the parents of AP9 
combined across two greenhouse environments 
Sources of Variation df Mean Squares 
Environments (E) 1 59.86 
Replications/E 2 j.38 
Bicarbonates (B) 2 64.92 
E X B 2 4.72 
Error a 4 2.88 
Lines (L) 89 1.28** 
Cycles (C) 
L/C 
7 
82 :::: 
L/CO^ 
L/C1 
L/C2 
L/C3 
L/C4 
L/C5 
L/C6 
L/C7 
19 
9 
9 
9 
9 
9 
9 
9 
0.99^ 
0.54 
0.28 
0.40%* 
0.54 
0.52 
0.50 
0.07 
E X L 89 0.26** 
E X C 
E X L/C 
7 
82 
"I'50%% 
0.16** 
E X L/CO 
E X L/C1 
E X L/C2 
E X L/C5 
E X L/C4 
E X L/C5 
E X L/C6 
E X L/C7 
19 
9 
9 
9 
9 
9 
9 
9 
0.24%* 
0.15 
0.12 
0.05 
0.15 
0.04 
= cycle 0, 1 = cycle 1,2= cycle 2, 3 = cycle j, 4 = cycle 4» 
5 = cycle 5, 6 = cycle 6, and 7 = cycle 7. 
*'**Significant at the 0.05 and 0.01 probability levels, and 
non-significant, respectively. 
Table 23. (continued) 
70 
B X L 178 0.13** 
B X C 14 0.69%* 
B X L/C 164 0.08 
B X L/CO 38 0.12* 
B X L/C1 18 0.10 
B X L/C2 18 0.08 
B X L/C3 18 0.08 
B X L/C4 18 0.09 
B X L/C5 18 0.06 
B X L/C6 18 0.08 
B X L/C7 18 0.03 
E X B X L 178 0.07 
E X B X C 14 0.15** 
E X B X L/C 164 0.06 
E X B X L/CO 38 0.07 
E X B X L/C1 18 0.06 
E X B X L/C2 18 0.06 
E X B X L/C3 18 0.07 
E X B X L/C4 18 0.06 
E X B X L/C5 18 0.04 
E X B X L/C6 18 0.05 
E X B X L/C7 18 0.05 
Errer d 534 0.07 
C.V. (%) 11.4 
Table 24. Cycle means l'or Fe-chlorosis score of the parents of AP9 for three bicarbonate levels at 
two greenhouse environments and combined over environments 
Environment 
1 2 Mean 
Bicarbonate Level (mM) Bicarbonate Level (mH) Bicarbonate Level (mH) 
Cycle 5 10 15 Mean 5 10 15 Mean 5 10 15 Mean 
0 2.3 3.4 3.6 3.1 1.9 2.2 2.9 2.3 2.1 2.8 3.2 2.7 
1 2.1 2.7 3.2 2.7 1.7 2.0 2.7 2.2 1.9 2.3 3.0 2.4 
2 2.1 2.8 3.1 2.7 1.8 2.0 2.7 2.2 1.9 2.3 3.0 2.4 
3 2.0 2.5 2.9 2.5 1.7 1.9 2.4 2.0 1.8 2.2 2.7 2.2 
4 1.9 2.6 2.8 2.4 1.7 1.9 2.4 2.0 1.8 2.3 2.6 2.2 
5 1.9 2.4 2.6 2.3 1.7 1.8 2.4 2.0 1.8 2.1 2.5 2.1 
5 1.8 2.2 2.5 2.2 1.7 1.9 2.2 1.9 1.8 2.0 2.4 2.1 
7 1.8 2.1 2.4 2.1 1.7 1.8 2.1 1.9 1.7 2.0 2.3 2.0 
LSD^O.05 0.1 0.1 0.5 
LSD^O.01 0.1 0.1 0.7 
LSD^O.05 0.1 0.1 0.5 
LSD°0.01 0.2 0.1 0.8 
Mean 2.0 2.7 3.0 2.6 1.8 2.0 2.5 2.1 1.9 2.3 2.7 
LSD°0.05 1.1 0.1 0.7 
LSD°0.01 2.5 0.3 1.6 
LSD^0.05 0.5 
LSD^O.01 1.1 
*l^ast significant difference for the comparison of cycle 0 means with other cycle means. 
^Least significant difference for comparisons among means of cycles 1 through 7. 
'^Least significant difference for comparisons among bicarbonate means. 
"^Least significant difference for comparisons among environment means. 
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Table 25. Range^ of chlorosis scores within each cycle of the parents 
of APy for two greenhouse environments and combined across 
environments 
Environment 
Cycle 1 2 Xb 
0 2.4 - 3.8 2.0 - 2.7 2.2 - 3.2 
1 2.) - 3.4 1.9 — 2.4 2.2 - 2.9 
2 2.5 - 2.9 2.0 - 2.3 2.2 — 2.6 
3 2.1 - 2.7 1.8 - 2.2 2.0 - 2.5 
4 1.9 - 2.8 1.7 - 2.2 1.8 - 2.5 
5 1.9 - 2.9 1.9 - 2.1 2.0 - 2.5 
6 1.9 - 2.9 1.7 - 2.1 1.8 - 2.5 
7 1.9 - 2.2 1.8 - 2.0 1.9 - 2.1 
®The lines in each cycle with the lowest and highest Fe-chlorosis 
scores when averaged over three riCO^~ levels. 
^The lines in each cycle with the lowest and highest Fe-chlorosis 
scores when averaged over three HCO^" levels and two environments. 
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Table 26. Mean squares for the analysis of variance for Fe efficiency 
of the parents of AP9 for three HCO^" levels combined 
across two greenhouse environments 
Bicarbonate Level (mM) 
Sources of Variation df 5 10 15 
Environments (E) 1 5.75* 45.26* 18.29 
Replications/E 2 0.26 0.69 8.19 
Lines (L) 89 0.14** 0.60** 0.80** 
Cycles (C) 7 0.93 4.50* 5.91** 
Linear 
Lack of Fit 
1 
6 
5.70** 
0.14 
26.75** 
0.79 
40.08** 
0.22 
L/C 82 0.07 0.27** 0.37** 
L/CO® 
L/C1 
L/C2 
L/C3 
L/C4 
L/C5 
L/C6 
L/C7 
19 
9 
9 
9 
9 
9 
9 
9 
0.12 
0.07 
0.04 
0.06 
0.07 
0.04 
0.07 
0.04 O
O
O
O
O
O
O
O
 
*
 
$
 
0.60** 
0.32 
0.27 
0.37 
0.39 
0.06 
E X  L 89 0.07** 0.19** 0.13 
E X  C 7 0.27** 1.16** 0.36** 
E X  Linear 
E X Lack of Fit 
1 
6 
1.83** 
0.01 
6.78** 
0.22 
1.90** 
0.10 
E X  L/C 82 0.06** 0.11** 0.10 
E X  L/CO 
E X L/C1 
19 
9 
0.11** 
0.03 
0.15** 
0.13 
0.11 
0.11 
= cycle 0, 1 = cycle 1,2= cycle 2, j = cycle j, 4 = cycle 4» 
5 = cycle 5, 5 = cycle 6, and 7 = cycle 7. 
*'**Significant at the 0.05 and 0.01 probability levels, 
respectively. 
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Table 2b. (continued) 
E X L/C2 9 
E X  L/Cj. 9 
E X  L/C4 9 
E X  L/C5 9 
E X L/CÔ 9 
E X L/C7 9 
Error 178 
C.V. (;&) 
0.08 
0.05 
0.03 
0.03 
0.04 
0.02 
0.13 
0.03* 
0.14* 
0.14 
0.07 
0.04 
0.04 
0.10 
0.08 
0.17 
0.13 
0.08 
0.03 0.07 0.13 
9.1 11.4 12.0 
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Table 27. Cycle means for Fe-chlorosis score of the parents of AP9 for 
three HCO^" levels at two greenhouse environments and 
combined across environments 
Bicarbonate Level .(mM) 
5 10 15 
Environment Environment Environment 
Cycle 1 2 X 1 2 X 1 2 X 
0 2.3 1.9 2.1 3.4 2.2 2.8 3.6 2.9 3.3 
1 2.1 1.7 1.9 2.7 2.0 2.4 3.2 2.7 3.0 
2 2.1 1.8 2.0 2.8 2.0 2.4 3.1 2.7 2.9 
3 2.0 1.7 1.9 2.5 1.9 2.2 2.9 2.4 2.7 
4 1.9 1.7 1.8 2.6 1.9 2.3 2.8 2.4 2.6 
5 1.9 1.7 1.8 2.4 1.8 2.1 2.6 2.4 2.5 
6 1.8 1.7 1.8 2.2 1.9 2.1 2.5 2.2 2.4 
7 1.8 1.7 1.8 2.1 1.8 2.0 2.4 2.1 2.3 
LSD® 0.05 0.1 0.1 0.2 0.2 0.1 0.5 0.2 0.1 0.3 
LSD® 0.01 0.2 0.1 0.4 0.2 0.2 0.7 0.3 0.2 0.4 
LSDJ 0.05 0.1 0.1 0.3 0.2 0.1 0.6 0.3 0.2 0.3 
LSD® 0.01 0.2 0.1 0.4 0.3 0.2 0.8 0.3 0.2 0.5 
X 2.0 1.7 2.6 1.9 2.9 2.5 
LSD°0.05 0.2 0.4 1.3 
LSD°0.01 0.5 0.9 3.0 
b^ -0.05** -0.11** -0.14** 
SE b® 0.004 0.007 0.007 
^Least significant difference for the comparison of cycle 0 means 
with other cycle means. 
^Least significant difference for comparisons among the means of 
cycles 1 through 7. 
°Least significant difference for comparisons among environment 
means. 
"^Coefficient for the linear regression of chlorosis score on cycle 
number. 
^Standard error of the linear regression coefficient. 
Significant at the 0.01 probability level. 
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Table 26. Range® of Fe-chlorosis scores within each cycle of the 
parents of AP9 for three HCO^~ levels combined across 
two greenhouse environments 
Bicarbonate Level (mM) 
Cycle 5 10 15 
0 1.8 - 2.5 2.2 - 3.5 2.5 - 3.8 
1 1.8 - 2.2 2.1 - 2.8 2.6 - 3.7 
2 1.8 - 2.1 2.1 - 2.6 2.5 - 3.3 
3 1.7 - 2.1 1.9 - 2.5 2.2 - 3.0 
4 1.6 - 2.0 1.7 - 2.7 2.2 - 2.9 
5 1.7 — 2.0 1.8 - 2.5 2.1 - 2.9 
b 1.6 - 2.1 1.7 — 2.4 1.8 - 2.9 
7 1.6 - 1.9 1.8 - 2.1 2.1 - 2.5 
®The lines in each cycle with the lowest and highest Fe-chlorosis 
scores when averaged over three environments. 
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Cycle 6 and 7 Populations of AP9 
The analysis of variance for each field environment indicated 
significant (P<0.01 ) variability among line means for each population 
(Tables 29, and 34)» The analysis of variance combined across 
environments indicated significant variability among lines at the 0.05 
probability level for Cycle 6 and the 0.01 probability level for Cycle 
7. For each population, the significant (P<0.01) genotype x environment 
interaction was associated with changes in the magnitude of differences 
among lines between years and with changes in rank. 
For the Cycle 6 population, the ranges in average chlorosis score 
of lines were 2.6 to 4«5 in 1985, 1.9 to 2.9 in 1986, 1.8 to 3.1 in 
1987, and 2.5 to 3.7 for the combined analysis (Table 33). Rank 
correlation coefficients between mean chlorosis scores of lines among 
years were 0.18 (non-significant) for 1985 vs. 1986, 0.31 (P<0.01) for 
1985 vs. 1987, and 0.47 (P<0.01 ) for 1986 vs. 1987. For the Cycle 7 
population, the ranges in average chlorosis scores of lines were 2.0 to 
4.3 in 1985, 2.1 to 3.3 in 1986, 2.1 to 3.2 in 1987, and 2.2 to 3.1 for 
the combined analysis. Rank correlation coefficients between mean 
chlorosis scores of lines among years were 0.25 (P<0.05) for 1985 vs. 
1986, 0.25 (P<0.05) for 1985 vs. 1987, and 0.21 (P<0.05) for 1986 vs. 
1987. The small correlation coefficients between mean scores among 
years indicated a substantial change in rank among lines between years 
for each population. 
The analysis of variance for each greenhouse environment indicated 
significant variability among lines at the 0.05 probability level for 
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Cycle 6 at environment 2 and at the 0.01 probability level at 
environment 1 for Cycle 6 and at environment 2 for Cycle 7 (Tables 
51, j53» and j)4). The analysis of variance combined across environments 
indicated significant (P<0.01) variation among lines for the Cycle 6 
population. The significant (P<0.01) genotype x environment interaction 
for Cycle 7 was associated with changes in the magnitude of differences 
among lines between environments and with changes in rank (Tables 32, 
33, and 34). 
For the Cycle 6 population, the ranges in average chlorosis score 
of lines were 2.5 to 4«0 at environment 1, 3.1 to 4*6 at environment 2, 
and 3.0 to 4*3 for the combined analysis (Table 33). For the Cycle 7 
population, the ranges in average chlorosis score of lines were 2.1 to 
2.6 for environment 1, 2.3 to 4«1 for environment 2, and 2.3 to 3.2 for 
tne combined analysis (Table 34)« Rank correlation coefficients between 
mean chlorosis score of lines among environments were 0.28 (P<0,01) for 
Cycle 6 and 0.20 (P<0.05) for Cycle 7« 
Variance component estimates for Fe efficiency of Sg-derived lines 
of each population are presented in Table 35. In the combined analysis, 
the genetic variance was 0.025 - 0.008 for nutrient solution and 0.016 -
0.005 for field tests of the Cycle 6 population and 0.004 - 0.003 for 
nutrient solution and 0.022 - 0.006 for field tests of the Cycle 7 
population. The genotype x environment interaction variance estimates 
were 0.011 i 0.008 for nutrient solution and 0.017 - 0.05 for field 
tests of the Cycle 6 population and 0.015 - 0.008 for nutrient solution 
and 0.017 - 0.006 for field tests of the Cycle 7 population. Estimates 
of the error variance were 0.079 - 0.008 for nutrient solution and 0.017 
- 0.006 for field tests of the Cycle 6 population and 0.021 - 0.002 for 
nutrient solution and 0.170 - O.OOo for field tests of the Cycle 7 
population. 
Broad-sense heritability estimates for Fe efficiency of Sg-derived 
lines are presented in Table j6. From the combined analysis, estimates 
on an entry-mean basis were 50 i 16% for nutrient solution and 51 - I6)k 
for field tests of the Cycle 6 population and 24 - 18% for nutrient 
solution and 51- 14% for field tests of the Cycle 7 population. 
Heritability estimates on an entry-mean basis were calculated using 
three environments with six replications environment"^ for field tests 
and two environments with two replications environment"^ for nutrient 
solution tests. Heritability estimates on a plot basis were 22 i 7 for 
nutrient solution and 8-2% for field tests of the Cycle 6 population 
and 10 - 8% for nutrient solution and 10-3% for field tests of the 
Cycle 7 population. 
When the field test data were used as the standard for comparison 
of the effectiveness of nutrient solution and field selection, the mean 
chlorosis scores of the 10 lines selected in the field tests were 
generally lower than those selected in nutrient solution for each 
population (Table y/J. The differences in the mean scores of the lines 
selected by each method were not significant. A small amount of 
progress was made by selection for improved Fe efficiency using nutrient 
solution and field tests, although, actual genetic gain for each method 
was not significant. Actual genetic gain for nutrient solution tests 
80 
ranged from -O.O4 to -0.10 with an average of -0.05 score for Cycle 6 
and +0.09 to -0.05 with an average of -0.01 score for Cycle 7. The 
field tests ranged from -0.05 to -0.11 with an average of -0.08 for 
Cycle 6 and 0.00 to -0.19 with an average of -0.09 score for Cycle 7» 
When the nutrient solution data were used as the standard for 
comparison, the mean scores of the 10 lines selected by nutrient 
solution tests were lower than those selected in field tests for Cycle 6 
and for the selections made at environment 1 for Cycle 7 (Table 37). 
The differences in mean scores of the lines selected by each method were 
not significant. Actual genetic gain for each method of selection was 
not significant. Actual genetic gain for nutrient solution tests was 
-0.14 score for each environment for Cycle 6 and ranged from +0.06 to 
-0.08 with an average of -0.01 score for Cycle 7. The ranges for field 
tests were -0.01 to -0.26 with an average of -0.11 score for Cycle 6 and 
+0.01 to -0.06 with an average of -0.02 score for Cycle 7. 
The estimated variances of a genotype mean for differing numbers of 
plants evaluated per plot in nutrient solution tests decreased from 
0.040 for one plant to 0.022 for five plants for Cycle 6 and 0.019 for 
one plant to 0.012 for five plants for Cycle 7 (Table 38). LSDs 
calculated with the estimated variances ranged from 0.6 to 0.4 for Cycle 
6 and O.4 to 0.3 for Cycle 7. For Cycle 6, decreasing the variance of a 
genotype mean from 0.025» obtained with 3 plants, to 0.23» obtained with 
2 plants, decreased the value of the LSD from O.44 to 0.43. The small 
decrease in the value of the LSD indicated that there would be no 
benefit to evaluate more than 3 plants per plot for lines of the Cycle 6 
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population. For Cycle 7» decreasing the variance of a genotype mean 
from 0.015, estimated for 2 plants per plot, to 0.013, estimated for 3 
plants per plot, decreased the value of the LSD from 0.34 to 0.32. The 
small decrease in the value of the LSD indicated that there would be no 
benefit to evaluating more than 2 plants per plot for lines of the Cycle 
7 population. 
Table 29» Analysis of variance for Fe efficiency of lines from the 
Cycle 6 and 7 populations of AP9 at three field environments 
Mean Squares 
Sources of Cycle 6 Cycle 7 
Variation df 1985 1986 1987 1985 1986 1987 
Replications (R) 5 9.03 0.41 0. 87 3.52 0.75 2. 15 
Lines (L) 99 0.62** 0.15** 0. 23** 1.07** 0.19** 0. 26** 
Error 495® 0.33 0.08 0. 12 0.25 0.10 0. 16 
C.V. i%) 15.9 12.1 14. 6 16.5 12.4 15. 5 
^492 for 1985, 486 for 1986, and 484 for 1987 for the Cycle 6 
population and 488 for 1985, 493 for 1986, and 480 for 1987 for the 
Cycle 7 population due to missing plots. 
Significant at the 0.01 probability level. 
82 
Table 30. Analysis of variance for Fe efficiency of lines from the 
Cycle 6 and 7 populations of AP9 combined across three field 
environments 
Sources of Mean Squares 
Variation df Cycle b Cycle 7 
Environments (E) 2 298.75** 55.65** 
Replications/E 15 3.43 2.14 
Lines (L) 99 0.55* 0.77** 
E x L 196 0.23** 0.38** 
Error 1485® 0.21 0.17 
C.V. (%) 15.1 15.2 
^1462 for Cycle 6 and 1451 for Cycle 7 due to missing plots. 
*i**Signifleant at the 0.05 and 0.01 probability levels, 
respectively. 
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Table 31. Analysis of variance for Fe efficiency of lines from the 
Cycle 6 and 7 populations of AP9 at two greenhouse 
environments 
Mean Squares 
Sources of Cycle 6 Cycle 7 
Variation df 1 2 1 2 
Replications 1 0.00096 0.0085 0.000010 2, .09 
Lines 99 0.49660** 0.4020* 0.005771 0, .28** 
Error gya 0.22109 0.2510 0.02960 0. 10 
Plants/Plots 400% 0.08420 0.0880 0.02862 0. ,06 
C.V. (%) 9.7 7.4 7.3 9. ,2 
®97 for environment 2 of Cycle 7 due to missing plots. 
^398 for environment 1 and 394 for environment 2 of Cycle 7 due to 
missing plots. 
*'**Significant at the 0.05 and 0.01 probability levels, 
respectively. 
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Table i>2. Analysis of variance for Fe efficiency of lines from the 
Cycle 6 and 7 populations of AP9 combined across two 
greennouse environments 
Sources of Variation df 
Mean Squares 
Cycle 6 Cycle 7 
Environments (E) 1 300.974** 38.24* 
Replications/E 2 0.005 1.04 
Lines (L) 99 0.600** 0.18 
£ x L 99 0.299 0.16** 
Error 198® 0.235 0.06 
Plants/Plots 800b 0.086 0.04 
C.V. 8.4 5.9 
®196 for Cycle 7 due to missing plants. 
^794 for Cycle 6 and 792 for Cycle 7 due to missing plots. 
*'**Significant at the 0.05 and 0.01 probability levels, 
respectively. 
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Table 55. Mean Fe-chiorosis scores for lines from the Cycle 6 
population of AP9 at three field and two greenhouse 
environments and averaged across environments 
Field Greenhouse 
Line 1985 1986 1987 
AP9Fe(S1)06-1-1 3.3 2.4 1.9 2.5 2.8 4.0 5.4 
-1-2 5.5 2.5 2.5 2.6 2.8 5.4 5.1 
-1-5 5.5 2.5 2.5 2.8 2.8 4.0 5.4 
-2-1 5.2 2.6 2.5 2.7 5.0 4.2 5.6 
-2-2 5.8 2.4 2.4 2.9 2.8 5.9 5.5 
-2-5 5.5 2.4 2.5 2.7 2.7 5.9 5.5 
-5-1 3.2 2.4 2.5 2.7 2.9 4.0 5.5 
-5-2 4.0 2.6 2.8 5.1 2.8 4.1 5.5 
-5-5 5.5 2.3 2.5 2.7 2.9 4.1 5.5 
-4-1 5.9 2.5 2.8 5.0 5.0 4.4 5.7 
—4—2 5.6 2.3 2,2 2.7 2.9 5.8 5.5 
-4-5 2.9 2.2 2.5 2.5 2.7 5.2 5.0 
-5-1 3.8 2.3 2.4 2.8 5.2 3.8 5.5 
-5-2 5.6 2.6 2.5 2.8 2.8 4.2 5.5 
-5-5 5.5 2.5 2.4 2.8 2.8 5.9 3.4 
-6-1 5.9 2.5 2.6 2.9 5.4 4.0 5.7 
-6-2 5.7 2.2 2.0 2.6 5.5 4.0 5.7 
-6-5 5.8 2.4 2.5 2.9 5.4 5.8 5.6 
-7-1 5.5 2.4 2.5 2.8 5.2 5.7 5.4 
-7-2 4.1 2.2 2.5 2.8 5.2 4.2 5.7 
-7-5 5.6 2.6 2.5 2.8 5.5 4.3 5.9 
—8—1 5.5 2.4 2.5 2.8 5.4 5.8 5.6 
-8-2 5.5 2.4 2.5 2.8 5.5 4.1 5.7 
—8—5 4.1 2.5 2.6 5.1 5.5 4.4 5.8 
-9-1 5.9 2.8 2.7 5.1 5.2 4.3 5.7 
—9—2 5.5 2.5 2.1 2.6 2.6 4.1 5.4 
-9-5 5.6 2.5 2.5 2.8 2.9 5.8 5.4 
-10-1 5.8 2.5 2.0 2.7 2.9 5.9 5.4 
-10-2 5.8 2.5 2.5 2.9 5.0 4.1 5.6 
-10-5 4.1 2.5 2.5 2.9 5.1 4.1 5.6 
-11-1 5.8 2.5 2.2 2.8 5.4 5.9 5.7 
-11-2 5.9 2.5 2.6 5.0 5.0 5.7 5.5 
-12-1 5.7 2.2 2.5 2.7 2.9 4.0 5.5 
-12-2 5.2 2.4 2.2 2.6 2.8 5.9 5.4 
-15-1 5.8 2.4 2.4 2.9 5.0 4.0 5.5 
-15-2 5.6 1.9 2.2 2.6 2.7 5.8 5.5 
-14-1 5.9 2.5 2.5 2.8 2.8 3.8 5.5 
-14-2 5.1 2.4 2.4 2.6 2.9 5.1 3.0 
•  • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • •  
VOv-cX).•r\CO•vOT-OCVJC\|•^C\JT-'^T-T-O^COC^^-OCMCO^-x-COO^O'«:^•AOf<^CVlOCMO^VO^T-C^JK^CMv-N^K^O^ 
•  • • • • • • • « • • • • « • . • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • a  
cr\cr\OT-ocrvc~-oocDmcrvcocrv'r-ir\crvooir\crvmrr\c^^-i>-i>-v-cnvo-^ir\t~-oot-coocT\cocr>irv'5-<T*a\o\T-
•  • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • •  
ojc\jrr\x^x\c\ic\i;nfr\c\im(\iiMrum)n(M»nrf\(Mc\ic\ix'\c\j(\ic\ic\|rnx\(\]mrnc\iiMK\c\iTKMc\i(Mrr\mc\i(\ic\|x'» 
T-o\'^covO\0(0(Ovoi>-oo\i>-a]cno\kocococovoo\cocoi>-co'^)mT-i>-oo\covDcocotr»coo\>-o\tnvoco^vo 
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•  « • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • a  
CMOJ(MCMCVlCViCM(\ICMOJ(MCVlCMOJ(MC\JCV!CV!CM(M<M(N!<M<M<MCVl<M<MCMCMCMOJ<\l(M(MC\Jrrv(M(M(MCMCM(MC\JCVlC0 
•D -4- rr\ x\ T- "Oir\-^ -<d-vo T- CMVO m Tj- c\] if\ m ir\ i>- f\vo try^ xMfxxAcr^ rfwo trv^ cvi tf\ !r\ ^  
(MCMCM(MCVJCMCMOJCM(MCMCMCMCMCVJCMCMCMCM(MOJCViCMCMCVlCVlCVjCMCVlCMCVJCMCMCvj(MojcV|ojoj(Nojojojc\jojc\j 
• c\ic^o-J3Oirva)c0-^mocT»rA"J3(Ma3c--!r\NAa3ir\a3c0c0minK>:'<^(T>m^c0v0mt~-vDif\c0t-mc>-m0jv0v0'r-
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I  I  I  >  I  I  I  I  I  I  I  I  I  I  I  I  I  •  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  
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Table j)). (continued) 
AP9Fe(S1)Co-ija-1 3.5 2.3 1.8 2.5 3.1 4.1 3.6 
-j8-2 3.3 2.4 2.3 2.7 2.9 4.1 3.5 
-39-1 3.4 2.0 2.4 2.6 2.7 4.0 3.3 
-59-2 3.6 2.5 2.5 2.9 2.6 4.2 3.4 
—40—1 4.0 2.4 2.3 2.9 3.0 4.0 3.5 
-40-2 4.0 2.5 2.6 3.0 3.3 4.1 3.7 
-41-1 3.5 2.3 2.6 2.8 3.1 3.8 3.4 
-41-2 3.5 2.3 2.5 2.8 3.0 3.7 3.3 
-42-1 3.1 2.3 2.2 2.5 2.7 3.9 3.3 
-42-2 3.3 2.3 1.9 2.5 3.6 4.1 3.8 
-43-1 3.3 2.5 2.3 2.7 2.9 4.0 3.4 
-43-2 3.5 2.3 2.4 2.8 2.5 3.7 3.1 
-44-1 3.2 2.1 2.1 2.4 2.6 3.6 3.1 
-44-2 2.9 2.3 2.3 2.5 2.7 3.2 3.0 
-45-1 3.9 2.3 2.2 2.8 3.3 4.2 3.7 
-45-2 4.0 2.3 2.4 2.9 2.9 3.9 3.4 
LSD 0.05 0.6 0.3 0.4 0.3 0.5 0.6 0.4 
LSD 0.01 0.8 0.4 0.5 0.4 0.7 0.8 0.6 
3.5 2.4 2.4 2.8 3.0 4.0 3.5 
LSD 0.05 0.2 0.1 
LSD 0.01 0.3 0.1 
Xb 3.0 2.1 2.0 2.6 3.5 
^Population mean. 
^Mean of the 10 lines selected. 
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Table 34« Mean Fe-chlorosis scores for lines from the Cycle 7 
population of AP9 at three field and two greenhouse 
environments and averaged across environments 
Field Greenhouse 
Line 1985 1986 1987 X 1 2 X 
AP9Fe(Sl)C7-1-1 2.7 2.6 2.6 2.6 2.3 2.7 2.5 
-1-2 2.3 2.6 2.3 2.4 2.3 2.7 2.5 
-2-1 3.3 2.6 2.9 2.9 2.2 2.4 2.3 
-2-2 2.9 2.8 2.3 2.7 2.2 2.6 2.4 
-3-1 3.2 2.4 2.3 2.6 2.3 2.7 2.5 
—j—2 2.6 2.6 2.5 2.6 2.3 2.5 2.4 
-4-1 2.8 2.3 2.8 2.6 2.2 2.5 2.4 
—4—2 3.4 2.3 2.3 2.7 • 2.3 2.3 
-5-1 2.7 2.3 2.3 2.4 2.3 2.4 2.4 
-5-2 3.3 2.8 2.4 2.9 2.4 2.8 2.6 
-6-1 2.5 2.4 2.3 2.4 2.3 2.8 2.5 
-6-2 2.3 2.3 2.4 2.3 2.4 2.4 2.4 
-7-1 3.0 2.3 2.7 2.6 2.3 2.4 2.3 
-7-2 3.2 2.3 2.5 2.6 2.2 2.8 2.5 
—8—1 2.0 2.5 2.4 2.3 2.3 2.7 2.5 
-8-2 3.5 2.6 2.6 2.9 2.1 2.7 2.4 
—9~1 3.1 2.8 2.3 2.8 2.3 3.1 2.7 
—9—2 3.7 2.6 2.8 3.0 2.3 2.8 2.6 
-10-1 3.8 2.4 2.7 2.9 2.6 2.7 2.6 
-10-2 3.3 2.1 2.5 2.6 2.3 2.6 2.4 
-11-1 2.7 2.3 2.6 2.5 2.2 2.6 2.4 
-11-2 2.6 2.4 2.8 2.6 2.3 2.7 2.5 
-12-1 3.0 2.6 2.7 2.8 2.2 2.5 2.3 
-12-2 2.2 2.3 2.3 2.2 2.4 3.0 2.7 
-13-1 3.2 2.5 2.3 2.6 2.5 2.4 2.5 
-13-2 3.3 2.4 2.3 2.7 2.2 2.7 2.5 
-14-1 2.7 2.7 2.4 2.6 2.3 2.5 2.4 
-14-2 2.4 2.3 2.3 2.4 2.2 2.6 2.4 
-15-1 3.0 2.7 2.3 2.6 2.3 2.6 2.4 
-15-2 3.2 2.6 2.5 2.8 2.4 2.7 2.5 
-16-1 3.1 2.6 2.4 2.7 2.3 2.8 2.6 
-16-2 3.1 2.7 2.3 2.7 2.4 2.7 2.5 
-17-1 3.2 2.6 2.5 2.8 2.3 2.7 2.5 
-17-2 3.2 2.4 2.3 2.6 2.4 2.6 2.5 
-18-1 3.3 2.5 2.6 2.8 2.4 2.7 2.6 
-18-2 2.9 2.5 2.8 2.7 2.5 2.3 2.4 
-19-1 3.0 2.4 2.6 2.7 2.2 2.6 2.4 
-19-2 2.3 2.4 2.5 2.4 2.1 2.5 2.3 
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Table 54* (continued) 
AP9Fe(Sl)C7-20-1 2.8 2.8 3.0 2.9 2.2 3.0 2.6 
-20-2 2.8 2.5 2.7 2.6 2.2 2.5 2.4 
-21-1 2.8 2.4 2.5 2.6 2.2 2.6 2.4 
-21-2 2.8 2.5 2.5 2.6 2.2 2.6 2.4 
-22-1 2.5 2.4 2.3 2.4 2.2 2.6 2.4 
-22-2 3.4 2.5 2.8 2.9 2.3 2.6 2.4 
-2j-2 3.4 2.6 3.1 3.0 2.4 3.0 2.7 
-23-3 3.9 2.9 2.4 3.1 2.3 3.0 2.7 
-24-1 3.0 2.6 2.6 2.7 2.4 2.9 2.6 
-24-2 3.6 2.8 2.6 3.0 2.3 2.3 2.3 
-25-1 3.5 2.4 2.6 2.8 2.3 2.9 2.6 
-25-2 3.5 2.3 2.4 2.8 2.3 2.7 2.5 
—26—1 3.5 2.3 2.6 2.8 2.3 2.5 2.4 
-25-2 3.2 2.4 2.4 2.7 2.4 2.6 2.5 
-27-1 3.2 2.7 2.7 2.8 2.3 2.6 2.5 
-27-2 3.1 2.6 2.3 2.7 2.4 2.8 2.6 
-28-1 3.1 2.3 2.5 2.6 2.2 2.7 2.5 
-28—2 2.9 2.5 2.3 2.6 2.3 2.7 2.5 
-29-1 3.4 2.5 2.9 2.9 2.4 2.7 2.5 
-29-2 3.4 2.5 2.4 2.8 2.5 2.8 2.6 
-30-1 3.4 2.7 2.4 2.8 2.2 2.7 2.5 
-30-2 3.7 2.7 2.5 2.9 2.5 2.8 2.7 
-31-1 3.7 2.6 2.8 3.0 2.3 2.9 2.6 
—31—2 3.4 2.8 2.6 2.9 2.2 2.8 2.5 
-32-1 3.3 2.8 2.3 2.8 2.2 2.6 2.4 
-32-2 3.1 2.4 2.4 2.6 2.2 2.6 2.4 
-33-1 2.7 2.7 2.3 2.6 2.4 2.7 2.6 
-33-2 2.7 2.5 2.5 2.6 2.2 2.5 2.3 
-33-3 3.0 2.6 2.8 2.8 2.3 2.8 2.5 
-34-1 3.3 2.6 2.3 2.8 2.3 2.3 2.3 
-34-2 3.0 2.6 2.6 2.7 2.1 2.9 2.5 
-34-3 3.3 2.4 2.5 2.7 2.2 2.5 2.4 
-35-1 2.6 2.8 2.6 2.6 2.2 2.4 2.3 
-35-2 2.5 2.6 2.6 2.6 2.3 2.9 2.6 
-35-3 4.3 3.3 3.2 3.6 2.4 4.1 3.3 
-36-1 3.3 2.6 2.7 2.8 2.4 2.8 2.6 
-36-2 3.7 2.6 2.8 3.0 2.3 2.8 2.5 
-36-3 3.5 2.8 2.4 2.9 2.4 2.6 2.5 
-37-1 2.9 2.4 2.4 2.6 2.1 2.7 2.4 
-37-2 3.3 2.6 2.6 2.8 2.4 2.8 2.6 
-37-3 2.6 2.5 2.5 2.5 2.3 2.6 2.4 
-38-1 2.9 2.7 2.6 2.7 2.2 2.4 2.3 
-39-1 3.0 2.4 2.3 2.6 2.3 2.4 2.4 
-39-2 2.0 2.4 2.5 2.3 2.4 2.3 2.3 
-39-3 2.4 2.3 2.1 2.3 2.3 2.6 2.4 
-40-1 2.6 2.3 2.1 2.3 2.3 2.6 2.4 
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Table :)4. (continued) 
AP9Fe(Sl)C7-40-2 2.8 2.4 2.3 2.5 2.1 2.6 2.4 
-40-j 3.1 2.5 2.5 2.7 2.5 2.7 2.6 
-41-1 2.9 2.3 2.8 2.7 2.3 2.4 2.j 
-41 —2 3.4 2.3 2.3 2.6 2.3 2.9 2.6 
-41-3 2.9 2.5 2.8 2.7 2.4 2.7 2.6 
-42—1 2.7 2.5 2.4 2.6 2.2 2.5 2.3 
-42-2 3.1 2.2 2.6 2.6 2.2 2.7 2.4 
-42-3 2.8 2.2 2.1 2.3 2.2 2.6 2.4 
-43-1 3.2 2.3 2.6 2.7 2.3 2.5 2.4 
-43-2 3.0 2.3 2.3 2.5 2.2 2.5 2.4 
—44—1 3.4 2.3 2.3 2.7 2.1 2.5 2.3 
-44-2 3.2 2.7 2.3 2.7 2.3 2.5 2.4 
-44-3 2.8 2.4 2.4 2.5 2.3 2.5 2.4 
-45-1 3.3 2.8 2.7 2.9 2.5 2.4 2.4 
-45-2 2.4 2.4 2.6 2.5 2.3 2.6 2.4 
-45-3 3.3 2.4 2.7 2.8 2.3 2.7 2.5 
LSD 0.05 0.5 0.4 0.5 0.4 0.2 0.4 0.3 
LSD 0.01 0.8 0.5 0.6 0.5 0.3 0.5 0.4 
F 3.0 2.5 2.5 2.7 2.3 2.7 2.5 
LSD 0.05 0.3 0.3 
LSD 0.01 0.4 0.6 
2.3 2.3 2.2 2.2 2.4 
^Population mean. 
^Mean of the 10 lines selected. 
Table J5» Variance component estimates and their standard errors ±or Fe efficiency of Sg-derived 
lines from the Cycle 6 and 7 populations of AP9 evaluated in two nutrient solution and 
three field environments and combined across environments 
Nutrient Solution Field 
Variance Component^ 1 2 Combined 1985 1986 1987 Combined 
Cycle 6 
Genotype (dg) 46 + 1j 25 + 11 25 + 8 48 + 15 12 + 4 20 + 8 16 + 5 
Genotype x Environment (<5gg) 11 + 8 17 + 5 
Error (d^) 74 + 13 84 + 75 79 + 8 330 + 21 80 + 5 118 + 7 170 + 6 
Plot to Plot (6^) 46 + 11 54 + 12 50 + 8 
Within Plot (cJ^) 84 + 6 88 + 6 86 + 4 
Cycle 7 
Genotype (<j|) 00 + 00 30 + 7 4 + 3 137 + 25 15 + 5 18 + 6 22 + 6 
Genotype x Environment 15 + 8 17 + b 
Error (d^) 10 + 1 30 + 5 21 + 2 250 + 16 100 + 6 150 + 10 170 + 6 
Plot to Plot (d^) 1 + 2 13 + 5 6 + 2 
Within Plot (d^) 29 + 2 60 + 4 44 + 2 
^Multiply the variance component estimates and their standard errors by 10 ^  to obtain the 
observed value. 
Table 3ô. Broad-sense heritabilities^ calculated from variance component estimates from nutrient 
solution and field tests for the Cycle 6 and 7 populations of AP9 
Nutrient Solution Field 
Method of Calculation 1 2 Combined 1985 1986 1987 Combined 
Cycle ^  
Entry-mean basis 61 ±22 46 ± 24 50 ± 16 54- - 18 69 ± 24 65 - 23 51 - 16 
Plot basis 44 - 15 30 ± 16 22 i 7 16 ± 5 Z7 - 9 24 ± 8 8 ± 2 
Single plant basis 30 ± 11 20 ±11 15± 5 
Cycle 7_ 
Entry-mean basis 60 ±20 75 ± 18 24 ±18 80 ± 16 75 ± 21 68 ± 19 51 ± 14 
Plot basis 51 ± 17 60 ± I4 10 ± 8 41 ± 8 33 ± 9 26 ± 7 10 ± 3 
Single plant basis 31 ±10 38 ±9 6±4 
^Heritabilities calculated for individual environments have a positive bias due to inclusion of 
the genotype x environment interaction variance in the numerator of the heritability equation. 
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Table 37' Mean chlorosis scores for the Cycle 6 and 7 populations and 
The 10 lines selected at two nutrient solution and three 
field environments for each population 
Environment of Selection 
Nutrient 
Solution Field 
Standard Range Population 1 2 19Ô5 1985 1987 
Cycle 6^ 
Nutrient® 
Solution 
1 2.5 - 4.0 2.99b 2.85° 2.87 2.89 2.98 
2 3.1 -  4 .6  3.99 3.85 3.73 3.88 3.91 
Field^ 
1 2.0  - 3.0 2.3d 2.29 2.38  
2 2.5 - 3.8 2.97 2.93 2.93 
3 2.5  - 3.7 2.98  2 .88  2 .90  
2.31 
2.88 
Cycle 7. 
Nutrient® 
Solution 
Field^ 
2.87 
2.1 - 2.6 2.29^  2.35° 2.28 2.26 2.30 
2.3  - 4.1 2.65 2.57 2.62  2.59 2.65 
1 2 .1  -  3 .2  2 .51  2 .49  2 .53  2 .42  
2 2.2 - 3.7 2.68 2.73 2.77 2.68 
3 2.2  -  3 .8  2.77 2.71 2.76  2.58 
^1 = data combined across 1986 and 1987 field environments, 2 = 
data combined across 1985 and 1987 field environments, and 3 = data 
combined across 1985 and 1986 field environments. 
^Differences between the mean of the population and the mean of 
selected lines were not significant. 
^Differences between the mean of lines selected in nutrient 
solution vs. field environments were not significant. 
"^1 = data for environment 1, and 2 = data for environment 2. 
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Table 3>8. Estimated variances of a genotype mean and LSDs calculated 
for differing numbers of plants of the Cycle 6 and 7 
populations of AP9 evaluated in nutrient solution 
Number of Plants/Plot 
Cycle 6 Cycle 7 
Variance LSD* Variance LSD 
1 0.040 0.56 0.019 0.38 
2 0.029 0.48 0.015 0.34 
3 0.025 0.44 0.013 0.32 
4 0.023 0.43 0.012 0.31 
5 0.022 0.42 0.012 0.30 
®To test for differences among line means. 
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DISCUSSION 
Line Comparison 
Plant breeders traditionally have needed access to calcareous field 
soil to evaluate the Fe efficiency of genotypes. Recently, Chaney et al. 
(1984) proposed the use of a nutrient solution system, as an aid to 
field testing, for evaluating the Fe efficiency of soybean genotypes. 
The objective of this research was to evaluate modifications in the 
nutrient solution system developed by Chaney to identify a procedure 
that could reduce the costs of chemicals and labor and provide chlorosis 
scores highly correlated with field ratings. Such a system could be 
utilized by plant breeders throughout the year to evaluate the Fe 
efficiency of genotypes, whereas field testing can only be conducted 
during the summer. 
In the combined analysis for greenhouse environments, differences 
among solution-change schedules were not significant. Rank correlation 
coefficients between the mean chlorosis scores of genotypes evaluated in 
nutrient solution and in the field were significant (P<0.01) and ranged 
from 0.81 for the four-day change to 0.91 for the no-change schedules 
(Table 12). The results indicated that the no-change and reduced-change 
schedules could be use as effectively for differentiating genotypes as 
the four-day change schedule utilized by Coulombe et al. (1984a) and 
Chaney et al. (1984). Chemical costs on a plot basis were $0.16 for the 
four-day change, $0.12 for the reduced-change, and $0.03 for the no-
change schedules. Labor for the maintenance of 80 plots from planting 
to scoring averaged 1.0 h d"^ for the four-day change, 0.5 h d"^ for the 
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no change, and 0.75 h d"^ for the reduced-changé schedules. 
Significant differences were observed among HCO^~ levels in the 
individual and combined analysis. The severity of chlorosis increasea 
substantially as the HCO^~ concentration was increased from 4 mM to 12 
mM. The results of the 4-8 and 4-8-12 mM levels Indicated that the 
concentration of HCO^~ can be increased during the course of a test to 
increase the chlorosis on new leaves that develop. If the chlorosis 
observed in a test is not adequate, the concentration of HCO^~ can be 
increased, instead of abandoning the experiment. Rank correlation 
coefficients between the mean chlorosis scores of genotypes grown in 
nutrient solution and in the field were significant (P<0.01) and ranged 
from 0.85 for the 4-8-12 mM level to 0.89 for the 8 and 12 mM level 
(Table 11). The similarity of the correlation coefficients indicated 
that any of the HCO^~ concentrations could be used as effectively as 
field testing to differentiate the genotypes. Significant variation was 
observed among genotype means within each HCO^~ level. The range in 
mean chlorosis scores of genotypes was from 1.8 to 3.9 for the 4 mM, 1.9 
to 4*4 for the 8 mM, and 2.3 to 4«5 for the 12 mM levels. 
In the combined analysis, the HCO^" x solution interaction was not 
significant." This indicated that solution-change schedules performed 
similarly at each HCO^" concentration. Rank correlation coefficients 
between mean chlorosis scores of genotypes evaluated in 15 nutrient 
solutions and in the field were similar and ranged from 0.79 (P<0.05) 
for the 4 mM HC0^~ level, four-day change schedule treatment to 0.93 
(P<0.01) for two treatments: the 8 mM HCO^" level, reduced-change 
schedule and the 4-8-12 HCO^" level, no-change schedule (Table 17). 
Two limitations of the nutrient solution system were the lack of 
differentiation among genotypes with intermediate Fe efficiency and the 
inability to consistently obtain the same genotype ranking as in the 
field. In all treatments, the most and least Fe-efficient genotypes, A7 
and B216, were well differentiated. This was not the case for the 
genotypes with intermediate Fe-efficiency. For example, the ranges in 
mean chlorosis scores for the six genotypes with intermediate Fe 
efficiency were 1.8 for the field testsi, but only 0.9 for the 4 mM, 1.3 
for the 8 mW, and 0.8 for the 12 mW HCO^" levels. The ranking of the 
genotypes was not always the same as in the field. For example, in 
field tests A2 ranked second every year, however, in nutrient solution 
A2 never ranked second. These limitations of the nutrient solution 
system would preclude their use for determining the ranking of genotypes 
in a breeding program that have intermediate Fe efficiency. 
AP9 Parents 
The objective of this experiment was to determine the effectiveness 
of nutrient solution evaluation at measuring the rate of genetic gain 
obtained in field tests. Three HCO^~ levels, 5> 10, and 15 mM were 
evaluated to determine if one level of HCO^" would be better at 
measuring the rate of genetic gain than the others. The rate of genetic 
gain was determined for nutrient solution and field tests by regression 
of the average chlorosis score of the parents of each cycle on cycle 
number. A significant (P<0.01) coefficient of -0.17 - 0.01 score cycle"'' 
was obtained with field testing, and the mean chlorosis score decreased 
steadily from Cycle 0 (3.1) to Cycle 7 (1.9) (Table 20). In the 
greenhouse tests, increasing the HCO^~ concentration increased the level 
of Fe-stress imposed upon the lines. The closest relationship between 
nutrient solution and field tests was obtained with the 1p mM HCO^~ 
level. The significant coefficient of -0.14 - 0.007 score cycle"^ was 
similar to that of -0.17 score cycle"'' obtained with field testing. 
Mean chlorosis score in nutrient solution containing 15 mM HCO^" 
decreased steadily from Cycle 0 (3.3) to Cycle 7 (2.3) (Table 27). 
Similar results were reported by Piper et al. (1986) for an experiment 
evaluating the use of plant cutoff as a means of enhancing chlorosis and 
line differentiation. 
The rank correlation coefficients between mean chlorosis scores of 
lines grown in the field in subsequent years were 0.83 (P<0.01) for 1985 
vs. 1986 and 0.82 (P<0.01) for 1986 vs. 1987. The rank correlation 
coefficient between mean chlorosis scores of lines grown in the field 
and nutrient solution containing 15 mM HCO^~ was 0.79 (P<0.01). The 
results indicated that nutrient solution containing 15 mM HCO^" could be 
used to measure the rate of genetic gain obtained in field tests. 
Cycle 6 and 7 Populations of AP9 
The objective of this research was to determine if differentiation 
of highly Fe-efficient lines in a recurrent selection program could be 
conducted as effectively in nutrient solution as in field evaluations. 
Significant variability was observed among line means in the 
analysis for individual environments and in the combined analysis for 
field tests for each population and for nutrient solution tests for the 
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Cycle 6 population (Tables 29 through j4). For nutrient solution 
evaluation of the Cycle 7 population, no variability was observed among 
line means in environment 1 or the combined analysis. To the best of my 
knowledge, solution preparation and environmental conditions were 
similar for each environment. I can offer no explanation for the 
expression of genetic variability in environment 2, but not in 
environment 1. 
Estimates of the genetic and genotype x environment interaction 
variances were similar for nutrient solution and field tests for Cycle 6 
and for Cycle 7 excluding nutrient solution environment 1. Error 
variance estimates for nutrient solution tests were considerably smaller 
than those obtained for field tests. 
Heritability estimates were similar for nutrient solution and field 
tests. A larger number of environments and replications were used for 
field tests than for nutrient solution tests. Therefore, heritability 
estimates on an entry-mean basis for field tests will have a positive 
bias compared with those of nutrient solution tests. Heritability 
estimates for individual environments contain a positive bias due to 
inclusion of the genotype x environment interaction variance in the 
numerator of the heritability equation. Therefore, comparisons of 
heritability estimates should be made on a plot basis using data for the 
combined analysis. On a plot basis, a higher heritability estimate was 
obtained witn nutrient solution evaluation than with field evaluation 
for Cycle 5. This was attributed to the nutrient solution test having a 
smaller error variance than that obtained with the field test. For 
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Cycle 7> the heritability estimates were equal for the two methods of 
selection, however, the estimate for nutrient solution would probably 
have been larger if expression of genetic variance had been observed in 
environment 1. 
Actual genetic gain was not significant for nutrient solution or 
field tests. Differences in actual genetic gain between the two methods 
of evaluation were not significant. Lines selected by nutrient solution 
tests tended to have a larger actual genetic gain when evaluated by the 
nutrient solution standard than lines selected by field tests. Lines 
selected by field tests tended to have a larger genetic gain with the 
field standard than lines selected by nutrient solution tests. This 
implies that the nutrient solution and field tests may be selecting in 
part for different mechanisms of response to î'e-stress and that the 
nutrient solution procedure does not completely duplicate environmental 
conditions in the field. 
Calculation of the variance of a line mean and corresponding LSD 
indicated that evaluating three plants per plot in nutrient solution 
tests was sufficient to obtain an estimate of the true mean performance 
of a line. 
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SUMARY Al^D CONCLUSIONS 
Numerous environmental factors have been reported to influence the 
expression of Fe chlorosis in soybean genotypes when grown on calcareous 
field soil. Traditionally, the Fe efficiency of genotypes has been 
•evaluated by growing them on calcareous field soil and rating the 
severity of chlorosis. Two problems are associated with field 
screening; 1) the limitation of screening genotypes in only one season 
each year and Z) the inability to alter the severity of the conditions 
to which the genotypes are exposed. The objectives of this research 
were: 1) to evaluate alternative nutrient solution procedures for 
screening genotypes with a wide range in Fe efficiency and 2) to 
evaluate the utility of nutrient solution in detecting small differences 
among highly Fe-efficient genotypes. 
In the Line Comparison study, eight genotypes with a wide range of 
Fe efficiency were grown in 15 nutrient solutions in two environments 
and on calcareous field soil in three environments. Nutrient solution 
treatments consisted of a factorial arrangement of five bicarbonate 
levels and three solution change schedules. Rank correlation 
coefficients between mean chlorosis score of lines grown in nutrient 
solution with their mean field score and between mean field score of 
lines grown one year with their mean field score the subsequent year 
were calculated. 
In the AP9 Parents study, the 90 parental lines for Cycle 0 to 7 
populations of AP9 were grown in three nutrient solutions at two 
environments and on calcareous field soil at three environments. Three 
102 
bicarbonate levels were evaluated and solutions were changed one time at 
stage V2. Coefficients for the regression of chlorosis score on cycle 
number were determined from nutrient solution and field data. 
In the Cycle 6 and 7 population studies, 100 random lines from each 
population were grown in nutrient solution at two environments and on 
calcareous field soil at three environments. The methods of testing 
were evaluated by comparing selections made in one environment with 
their average performance in independent environments. Broad-sense 
heritabilities were calculated from variance components for field and 
nutrient solution data. 
Results of the Line Comparison study indicated that the most 
economical evaluation of the Fe efficiency of soybean genotypes in 
nutrient solution can be achieved with no change in the solution and one 
or more HCO^" levels that are held constant throughout the test. 
Limitations of the nutrient solution procedure were the lack of 
differentiation among genotypes with intermediate Fe efficiency and the 
inability to consistently obtain the same genotype ranking as in the 
field. 
Results of the AP9 Parents study indicated that a nutrient solution 
containing 15 mM HCO^" could adequately measure the rate of.genetic gain 
obtained with field testing. Coefficients for the regression of 
chlorosis score on cycle number were similar for field and nutrient 
solution testing. 
Results of the Cycle 6 and 7 population studies indicated the 
nutrient solution and field tests may in part be selecting for different 
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mechanisms of response to Fe-stress and that the nutrient solution 
procedure does not completely duplicate environmental conditions in the 
field. For Cycle 6, the estimated heritability of Fe efficiency, on a 
plot basis, was larger for nutrient solution tests than for field tests. 
Yet, lines selected by field tests tended to have a larger actual 
genetic gain with the field standard than lines selected by nutrient 
solution tests, although, the difference was not significant. 
The results of this research indicated that nutrient solution 
evaluation of soybean genotypes can be used in conjunction with, but not 
in place of field testing. The nutrient solution procedures seem best 
suited for evaluating genotypes with relatively large differences in Fe 
efficiency. Genotypes selected in nutrient solution would need to be 
evaluated further in field tests. 
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Table j59. Mean chlorosis scores and range® of scores after plant cutoff 
treatment within each cycle of the parents of AP9 for two 
years . 
Cycle 
1986 1987 
X Range X Range 
0 4.1 3.2 - 4.7 4.4 3.3 - 5.0 
1 3.6 3.4 - 4.3 4.1 3.6 - 4.6 
2 3.6 2.9 - 3.7 4.1 3.7 - 4.8 
3 3.5 2.9 - 4.1 4.1 3.8 - 4.4 
4 3.3 2.9 - 3.7 3.8 3.1 - 4.3 
5 3.0 2.6 - :).5 3.7 3.3 - 4.3 
6 2.9 2.4 - 3.3 3.4 2.9 - 3.8 
7 2.6 2.3 - 2.9 3.2 2.7 - 3.6 
®The lines in each cycle with the lowest and highest Fe-chlorosis 
scores. 
